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Abstract
Interfaces between graphene and dissimilar materials are needed for making devices, but
those interfaces also modify the graphene properties due to charge transfer and/or symmetry
breaking. In this dissertation we investigate the technology of preparing graphene on different
substrates and how the substrate influences the electronic properties of graphene.
Synthesizing large area graphene on late transition metals by chemical vapor deposition is
a promising approach for many applications of graphene. Among the transition metals, nickel has
advantages because the good lattice match and strong interaction between graphene/Ni(111)
enables the synthesis of a single domain of graphene on Ni(111). However, the nickel substrate
alters the electronic structure of graphene due to substrate induced symmetry breaking and
chemical interaction of the metal d-band with graphene. Similar chemical interactions are observed
for other transition metals with a d-band close to the Fermi-level. On the other hand, graphene
mainly physisorbs on transition metals with a lower lying d-band center. In this thesis we
investigate the growth of graphene on nickel by vacuum chemical vapor deposition (CVD). In
particular, we present our studies of graphene synthesis on Ni(111) substrates. We demonstrate the
self-limiting monolayer of single domain of graphene can be grown on single crystal Ni(111). Our
studies also show that selective twisted bilayer graphene can be grown by carbon segregation on
Ni(111)-films. To modify the interaction between graphene and the nickel substrate we
investigated the intercalation of tin. In the case of graphene physisorbed on weakly interacting
ix

metals, some charge doping of graphene occurs due to work function differences between
graphene and the metal. Using x-ray photoemission spectroscopy (XPS) we correlate the charge
doping of graphene on different metals with the C-1s binding energy. This study demonstrate that
XPS can be used to determine the Fermi-level in graphene. While metal intercalation can alter the
interaction with the substrate it does not avoid overlap of electronics states at the Fermi-level.
Therefore a band gap material should be inserted between the graphene and the metal growth
substrate (in this case Pt(111)). This is accomplished by oxidation of intercalated iron at elevated
oxygen pressure. We demonstrate that a 2D-FeO layer can be formed in between graphene and the
Pt(111) surface. We discuss the role of the 2D-FeO moiré-structure on the nanoscale electronic
properties of graphene.
To date good quality graphene can only be grown by CVD on late transition metals. To
obtain graphene on other substrates the graphene can be transferred mechanically from a growth
substrate to various other materials. We demonstrate that this transfer can also be achieved to
tungsten, an early transition metal that easily forms a carbide. In our studies to avoid oxidation of
the tungsten substrate and reaction of the graphene with the tungsten substrate under thermal
treatment, protection of the W(110) surface with sulfur has been explored.
For the integration of graphene into device architectures, graphene has to be interfaced with
high-κ dielectrics. However, because of the inert nature of graphene, most high-κ do not wet
graphene and thus preventing formation of contiguous dielectric layers. Yttrium oxide (Y2O3) has
been demonstrated to be an exception and we characterized the growth of Y2O3 on various metal
supported graphene and graphene transferred to SiO2. We showed that such a Y2O3 layer can also
act as seeding layer for the growth of alumina, which is the preferred dielectric material in many
x

applications. Finally, we investigate the charge doping of graphene in a metal/graphene/dielectric
stack and find that the charge doping of graphene is a function of both the work function of the
metal as well as the covering dielectric. Thus the dielectric layer can modify the charge doping of
graphene at a metal contact.

xi

1. Introduction
Graphene is a one atom thick sheet of sp2 bonded carbon atoms arranged in a two
dimensional honeycomb lattice. Kostya N. Novoselov and Andre K. Geim isolated a single layer
of graphene from highly oriented pyrolytic graphite (HOPG) and measured exotic electronic
properties of graphene in 20041. Novoselov and Geim earned Physics Nobel Prize in 2010 for their
remarkable work in graphene. The remarkable properties of graphene includes high mobility of
electrons at room temperature (2.5×105 cm2 V-1 s-1)2, high thermal conductivity (above 3,000
WmK-1)3, optical absorption of 2.3%4, a Young’s modulus of 1 TPa and intrinsic strength of 130
GPa5, complete impermeability to any gas6, and ability to sustain extremely high densities of
electric current (a million times higher than copper)7. Graphene-based materials have been
proposed for host of applications such as transparent conducting electrodes8 and baristor transistorlike devices9,10.
To utilize graphene in applications, reliable synthesizing of large area graphene is essential.
Chemical vapor deposition (CVD) of graphene on transitional metals is a promising scalable
method of synthesizing large-area graphene11-17. In CVD of graphene, the hot metal acts as a
catalyst to decompose hydrocarbon precursor that leaves carbon on the metal surface to form
graphene. Nobel metals, such as Au or Ag, may not exhibit high enough catalytic activity to
decompose hydrocarbon precursor to form graphene on the metal surfaces. In such noble metals
graphene may be grown by physical vapor deposition (PVD) of carbon source18-20. CVD graphene
1

has also been demonstrated on Au with appropriate growth conditions21. In this way, graphene
synthesis on all late transitional metal has been demonstrated. For earlier transitional metals,
graphene growth competes with carbide formation22,23. Graphene can be grown on some metals
like Re24 or Fe25 under appropriate growth conditions. It has been reported that graphene can be
obtained on the carbide of these transitional metal, such as on tungsten carbide26 or tantalum
carbide27-29.
When hydrocarbons are exposed to hot metal surface during graphene growth, carbon will
diffuse into the bulk of the metals. The amount of carbon in the bulk of the metal depends on the
carbon solubility of the metal. A comparison of carbon solubility on different metals is presented
in Table 1.1. The carbon solubility in metals is a very important property that determines whether
graphene grows at the surface of the metal at high temperature or carbon goes into the bulk of the
metal. For example, graphene grows at the surface of Cu while carbon goes into the bulk of Ni at
high temperatures. The metals which can dissolve larger amount of carbon in the bulk at high
temperature precipitates carbon to surface while cooling the metals forming multilayers of
graphene. Mono or few-layer graphene can be grown on such metals by rapid cooling30 or growing
graphene using low hydrocarbon precursor pressure and low temperature31.
Table 1.1: Carbon solubility (atoms%) in different transition metals at 1000 oC according to ref. 32

Metal

Co

Ni

Cu

Ru

Rh

Carbon solubility

3.41

2.03 0.04 1.56 0.89 5.98 0.01 4.39 1.35 1.76 0.01

(atom%) at 1000 oC

2

Pd

Ag

Re

Ir

Pt

Au

The metal-graphene interactions in various metals differ by two aspects: (1) lattice
mismatch between graphene and metal, and (2) metal-graphene interactions. Low index direction
of graphene match with the substrate metal when graphene is grown by CVD17 on strongly
interacting metal such as Ni, Ru, Rh, or Re. For other transition metal, due to periodic lattice
matching conditions graphene forms moiré superstructures. Graphene on Ir(111) forms aligned
structure with the substrate although graphene interacts weakly with Ir(111)33. Graphene also align
with the substrate in other weakly interacting metals such on Au(111)18 and Cu(111)34 under
appropriate growth conditions. However, graphene growth on all the weakly interacting metals
such Cu or Pt forms different rotational domains with respect to the metal substrate.
Depending on the interaction of the graphene with the metal substrates, the metal substrates
can be divided into two classes: (i) strongly interacting substrates, for example Ni and Ru and (ii)
weakly interacting substrates, for example Cu, Ir, and Pt. The distance between graphene and metal
is one way to measure the strength of metal graphene interaction. Table 1.2 summarizes the
measured and/or computed metal graphene separation. For strongly interacting metals, the
graphene metal separation is nearly 0.21 nm while for the weakly interacting metal this distance
is about 0.33. Table 1.2 also summarizes the d-band center relative to Fermi-energy of transition
metals. It shows that the transition from weakly to strongly interaction metal occurs at d-binding
energy of ~ 2 eV.
Table 1.2: Graphene metal separation and corresponding d-band separation of the metals

Metals

Re(0001)

Graphene-metal

separation d-band

center

relative

(nm)

Fermi-level (eV) (ref.35)

0.21 (ref.36)

-0.51

3

to

Table 1.2 (Continued)

Co(0001)

0.21 (ref.37)

-1.17

Ni(111)

0.21 (ref.38)

-1.29

Ru(0001)

0.21 (ref.39)

-1.41

Rh(111)

0.22 (ref.40)

-1.73

Pd(111)

0.25 (ref.41)

-1.83

Ir(111)

0.34 (ref.42,43)

-2.11

Pt(111)

0.33 (ref.13,44,41,42)

-2.25

Cu(111)

0.33(ref.44,45)

-2.67

Au(111)

0.33 (ref.45,42,44)

-3.56

Ag(111)

0.33 (ref.44,45)

-4.30

Graphene growth on Ni(111) would have advantages over the other transitional metals if
multilayer graphene formation could be avoided. Ni(111) has the closest lattice match with
graphene of all the transition metals with a lattice mismatch of only 1.2%. This enables selflimiting monolayer graphene to adopt the lattice of Ni(111) and consequently only one graphenedomain-rotation exists for graphene grown on Ni(111) in most of the UHV growth conditions.
Therefore, no twist-grain boundaries are expected after the coalescence of graphene domains to a
closed film46. The solubility of carbon in Ni is relatively higher, which implies that low carbon
precursor and low temperature should be used to grow graphene monolayer graphene on Ni(111).
4

While growing on Ni(111) at low temperature may lead to another complication because a single
atomic layer of Ni2C phase is formed on Ni(111) at low temperature47,48. In this dissertation, we
demonstrate that monolayer graphene can be grown on Ni(111) in UHV with appropriate graphene
growth temperature and precursor.
For most of the applications, graphene grown on metal substrate should be transferred to
another substrate. This can be achieved by etching the metal substrate and transferring graphene
to the desirable insulator substrate. Single crystal metals are not suitable for this process from an
economical point of view. Epitaxial single crystalline metal films are far more economical than
single crystalline bulk crystals for this graphene transfer process. Graphene transfer from metal
films has been demonstrated for Ru-films on Al2O349 and Ni-films on MgO50 and Al2O351. In our
study, we synthesize single crystalline Ni(111)-films on Al2O3(0001) and YSZ(111) and grow
graphene on those films.
Bilayer graphene is also interesting because bilayer graphene possesses interesting physical
properties52-54. Bilayer graphene is interesting for technical application because a band gap can be
opened in graphene by applying perpendicular electrical field55-57. Controlling bilayer graphene
synthesis on metals58,59 would be of particular interest for growing wafer-sized graphene. In most
of the UHV graphene growth conditions, graphene growth is limited to monolayer. This is most
likely due to the fact that the bulk of the single crystals cannot be saturated with carbon. But thin
metals films have very small volume and can be saturated with carbon at higher temperatures. The
thin metal films may form bilayer graphene by carbon segregation while cooling the sample. In
this dissertation, we demonstrate that selective bilayer graphene can be grown on Ni-films grown
on YSZ(111).
5

It is essential to interface graphene with high-κ dielectric material to integrate graphene
into a device architecture60-62. However, synthesizing high-quality dielectric material on top of
graphene is challenging because graphene has low surface energy, so most materials do not wet
graphene, i.e. the dielectric materials grow three dimensionally making the dielectric film
discontinuous. Previous fundamental studies have applied the approach of stacking exfoliated
graphene on dielectric substrates63-66 to interface graphene with dielectric. The disadvantage of
this approach is lacking scalability. So, this approach is unlikely to be useful to fabricate graphene
device architecture. Alternately, it has been reported that graphene is modified67,68 or seed layers
have been grown on top of graphene69-72 before deposition of dielectric materials on top of
graphene. Recently, yttria (Y2O3) has demonstrated favorable wetting behavior on graphene and
carbon nanotubes, and could therefore be a promising dielectric material for the fabrication of
graphene devices73-75. In dissertation, we study monolayer and multilayer yttria growth on
graphene. We also discuss the utility of the use of yttria as a seed layer to deposit alumina (Al2O3)
of graphene.
A contact is spontaneously established between the metal and graphene when graphene is
grown on metal substrate by CVD. The contact resistance between the metal and graphene affects
the performance of graphene related device like field effect transistors (FETs)76-82. At the metal
graphene contact, the Fermi-level of graphene shifts due to interface charge doping 83 and this will
lead to high contact resistance at the contact. Thus, it is very important to understand the metal
induced charge doping and the associated shift of the Fermi-level (equivalent to work function
change in graphene) at the graphene/metal interface. Moreover, in most of the realistic graphene
related devices, graphene is supported on an insulator and metals are deposited on top to make
contacts. Therefore from a practical point it is very important to know the charge doping of
6

graphene when graphene is sandwiched between a metal and dielectric or semiconductor material
substrate. In our study, we measure charge doping of when graphene is interfaced with other
materials. Generally, we demonstrate the usefulness of XPS as a tool for evaluating Fermi-level
shifts in graphene.
We have discussed earlier in this section that the high quality of graphene can be
synthesized on many transitional metals by chemical vapor deposition (CVD) in ultrahigh vacuum
(UHV). However, it is desirable to support the graphene on non-metallic substrate to preserve the
intrinsic properties of graphene for many applications and fundamental study of graphene. This is
achieved by transferring graphene grown on copper by CVD to desirable non-metallic substrate
by wet-transfer method84-87. Alternately a clean process can be applied to decouple the graphene
from the metal substrate to preserve the intrinsic exotic properties of graphene by intercalation of
atoms17,88 and molecules89-91 in between the graphene and the metal substrates. It has been
demonstrated that many metals88,92-97 and semiconductors98 can be intercalated in between
graphene and the metal substrates. Usually, intercalation has been achieved by vapor deposition
of metals on top of metal-supported graphene and subsequent annealing the sample to temperatures
usually around 300 oC in UHV94,99,100. In this dissertation, we study the intercalation of Sn between
graphene/Ni(111) to modify the strong interaction between graphene and Ni(111). Recently,
intercalation of SiO2 and Al2O3 has been achieved in between graphene and metal substrate101,102.
This approach is a transfer free clean technique to get graphene on non-metallic substrate. Here,
we discuss the intercalation growth of 2D-FeO in between graphene and Pt(111). The FeO
monolayer is a truly 2D material with strongly varied properties compared to bulk FeO103. These
special properties of 2D-FeO potentially enable a substrate-induced modification of the graphene
electronic structure due to an in-plane superstructure.
7

When graphene is supported on weakly interacting substrates, many intrinsic properties of
graphene, like high charge carrier mobility are preserved. Thus, weak graphene-support interaction
is a promising approach for modifying the materials properties of graphene while preserving its
intrinsic exotic properties. Recently, substrate induced weak periodic potential in graphene has
been emphasized by the observation of Hofstadter’s butterfly for graphene supported on hexBN104,105. In graphene/hex-BN heterostructure the periodic modification of graphene is due to the
moiré superstructure that arise due to the lattice mismatch between graphene and hex-BN. For
graphene/hex-BN, as well as in many metal/graphene systems the periodic modification of
graphene is a consequence of the varying adsorption sites of the carbon-atoms with respect to the
substrate atoms and the consequent variation in the carbon-substrate interactions106. This results,
for example, in a measurable corrugation of the graphene on hex-BN107 or on metal
supports40,108,109. Similar to graphene supported on metals, 2D-FeO forms also a moiré-pattern on
Pt(111) due to varying adsorption sites103,110-113. The FeO layer possesses a dipole moment normal
to the surface, which strongly varies within the moiré-unit cell, giving rise to a varying surface
potential103,114. In this dissertation, we aim at synthesis of a heterostructure consisting of graphene
and such a metal supported 2D-FeO. In this graphene/FeO/Pt(111) sample, we expect locally
varying electronic structure of graphene not due to variation in the chemical interaction with the
substrate but due to physical charge transfer as a consequence of the periodic surface potential of
the FeO/Pt(111) substrate. Generally, interface charge doping of weakly physisorbed graphene
depends on the substrate work function45,115, thus the periodic surface potential of the 2D-FeO
layer will induce a periodic charge doping variation in the graphene.
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1.1. Organization of dissertation
In chapter 2, we describe the experimental techniques and apparatus that are used to study
the surface and interface properties of graphene. In addition, chapter 2 includes the sample
preparations techniques. Sections 2.2 to 2.6 includes the basic principle and instrumentation of
scanning tunneling microscopy (STM), atomic force microscope (AFM), photoemission
spectroscopy (PES), Auger electron spectroscopy (AES) and low energy electron diffraction
(LEED), respectively. The experimental apparatus that are used in this dissertation are described
in section 2.7. The outline of the sample preparation techniques are presented in section 2.8.
In chapter 3, we present different graphene synthesis techniques on metal substrates.
Section 3.1 describes the synthesis and characterization of monolayer graphene on single crystal
Ni(111). The study of bilayer graphene growth on Ni(111)-film is presented in section 3.2. Section
3.3 presents the study of the wet transfer of CVD grown graphene onto sulfur-protected W(110).
The study of synthesis and characterization of graphene heterostructures are presented in
chapter 4. Section 4.1 demonstrate the monolayer of yttria growth on Pt(111). Section 4.2 presents
the synthesis and characterization of Ni(111)/graphene/Y2O3(111) heterostructure. The study of
the use of yttria as a seed layer to deposit alumina on graphene is discussed in section 4.3. Section
4.4 includes the discussion of charge doping of graphene when graphene is interfaced with other
materials.
In chapter 5, we discuss methods of decoupling graphene from the metal substrate. Section
5.1 presents studies for the intercalation of Sn in between graphene and Ni(111). The intercalation
growth of FeO in between the graphene and Pt(111) is discussed in section 5.2. Finally, chapter 6
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provides the summary of the dissertation. Chapter 6 also describes the possibilities of future
research based on this dissertation.
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2. Experimental Techniques
2.1. Introduction
We have used various surface science characterization techniques to understand the
fundamental structural, electronic, and chemical properties at surface and interface of graphene
and graphene heterostructures. Particularly, those techniques include scanning tunneling
microscopy (STM), atomic force microscopy (AFM), X-ray photoemission spectroscopy (XPS),
ultraviolet photoemission spectroscopy (UPS), Auger electron spectroscopy (AES), ion scattering
spectroscopy (ISS), low energy electron diffraction (LEED), scanning electron microscopy
(SEM), X-ray photoelectron diffraction (XPD), transmission electron microscopy (TEM), low
energy electron microscopy (LEEM) etc. Among those surface characterization techniques, we
will describe about the STM, AFM, XPS, UPS, AES, and LEED in the following sections.

2.2. Scanning Tunneling Microscopy
STM is a type of scanning probe microscopy (SPM) developed by Gerd Bining and
Heinrich Rohrer in 19811. They were awarded Nobel Prize in Physics in 1986 for their
achievements in STM. In STM, a sharp metal tip (usually made from W or Ir-Pt) is scanned over
the surface to be investigated2. The sample under investigation should be conducting or semiconducting. During STM measurements, a bias voltage is applied between the tip and surface
while bringing the tip very close to the sample surface within a separation of few Angstroms. As
a result a tunneling current flows through the vacuum gap between the tip and surface due to
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tunneling effect. The tunneling current probes the physical properties of the surface under
investigation. In addition to probing the surface, the tunneling current is used to control separation
between the tip and surface.
2.2.1. Basic Principle of Electron Tunneling
The vacuum region between the tip and the sample acts as a potential barrier for electrons.
Classically, if the energy of the electron is smaller than the potential of the barrier, the electron
cannot penetrate though the potential barrier. But quantum mechanically, electrons can tunnel
through the potential barrier due to overlapping of wave functions of the closest tip atoms and the
sample surface atoms. The tunneling current varies exponentially with the distance between the
tip and the sample surface. The first approximation for the expression of tunneling current given
by Fowler and Nordheim3 is expressed as

𝐼𝑇 𝛼

𝑉 −𝑘𝑑√Φ
̅
𝑒
𝑑

where IT is the tunneling current, d is the tip-sample distance, V is the bias voltage between applied
̅ is average work function of the tip and the
between the tip and the sample, k is a constant, and Φ
sample. For a vacuum gap, the value of the constant k is about 1.025 Å-1 (eV)-1. In order to get
high resolution image of the sample, the distance between the tip and the sample must be controlled
with a precision of 0.05 - 0.1 Å4.
2.2.2. STM instrumentation
A schematic drawing of an STM set-up is shown in Figure 2.1. In order to get atomic
resolution image of the sample surface, the lateral movement of the tip over the sample surface
must be controlled within 1-2 Å. Experimentally, this can be achieved by the precise tip movement
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by the use of a scanner. The scanner consists of piezoelectric ceramics as electromechanical
transducers, which can convert electric signal to mechanical motion in the range of fraction of
Angstroms to few micrometers. The feedback electronic controls the distance between the tip and
sample. For stable operation of the STM system, the vibration of the system should be less than
0.01 Å. Experimentally, the damping of the vibration is achieved by suspending the STM stage on
very soft springs and by the additional action of eddy currents induced in copper counter plates by
powerful magnets.

Figure 2.1: Schematic diagram of scanning tunneling microscope

2.3. Atomic Force Microscopy
AFM is another type of SPM invented by Binning, Quate, and Gerber in 19865. AFM
probes the sample surface to be investigated by detecting the forces between the tip and surface.
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In AFM, a mechanically sharp tip is attached to a flexible cantilever. The AFM tip is used to probe
the force between the tip and the sample. When the tip approaches the sample surface to be
investigated, the force between the tip and sample produces the deflection in the cantilever. The
deflection sensors such as a laser and split-diodes are used to detect the deflection produced in the
cantilever. The deflection of the cantilever is used to probe the topographic image of the sample
surface. The advantage of the AFM over the other SPM is that it is applicable to all types of
surfaces such as conducting, semiconducting, and insulating. The principle of operation of AFM
is shown in Figure 2.2.

Figure 2.2: Schematic diagram of atomic force microscope.

The AFM uses number of parts common to STM. Those parts include: the piezoelectric
scanner for actuating the raster scan and z positioning, the feedback electronics, vibration isolation
system, coarse positioning mechanism, and the computer system control. The major difference is
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that the tunneling tip is replaced by a mechanical tip, and the detection of the minute tunneling
current is replaced by the detection of the minute deflection of the cantilever.
The AFM is operated in different modes. The tip-sample separation defines the operation
modes of the AFM. The followings are the three primary modes of AFM operation.
(1) Contact mode
(2) Non-contact mode
(3) Tapping mode
2.3.1. AFM Contact Mode:
In contact mode, the AFM tip is scanned a few Ångstrom above the sample surface so that
the tip is in soft physical contact with the surface. The force between the tip and the sample is the
Van der Waals repulsive force. As the tip in close contact with the sample surface, the cantilever
spring constant should be lower than the effective spring constant of the sample atom bonding to
avoid the damaging of the tip and the sample surface. In contact-mode, the tip-sample interaction
causes the cantilever to deflect and the deflection of the cantilever is used to measure the
topographic image of the sample surface. Contact mode is influenced by friction and adhesive
force that lead to damage in the sample surface. AFM topographic images are acquired typically
in one of two contact modes: Constant-height mode or constant-force mode.
2.3.1.1. Constant-height mode:
In this mode, the height of the scanner is fixed and topographic image of the sample surface
is recorded by measuring the spatial variation of the deflection of the cantilever. Constant-height
mode is preferred mode for measuring of topographic images of atomically flat surface, where the
deflection of the cantilever and hence the applied force is small. Constant-height mode is also
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useful for recording of real-time images of rapidly changing surfaces, where rapid scanning is
necessary. In constant-height mode, the feedback circuit is turned off.
2.3.1.2. Constant-force mode:
In constant-force mode, the cantilever deflection is fixed with help of feedback circuit that
adjusts the scanner height by a servo system. As the deflection of the cantilever is kept constant,
the force between the tip and the sample is also constant. The image is generated from the scanner
z-motion. Constant-force mode is generally preferred mode because the net force is well controlled
and the data set is easy to interpret. The disadvantage of constant-force mode is the slow scan
speed due to the fine response time of the feedback circuit.
2.3.2. AFM Non-Contact Mode
In non-contact mode, the AFM tip is scanned 50-150 Å over the surface of the sample to
be investigated i.e. AFM cantilever is affected by weak attractive Van der Waals force between
the tip and the sample. As the attractive force between the tip and the sample is weak, a small
oscillation is given to the tip so that AC detection methods can be used to detect the force between
the tip and the sample. The change in frequency, amplitude, or phase of the oscillation of the
cantilever are used to detect the force between the tip and sample, which probes the topographic
image of the surface..
2.3.3. Tapping mode
AFM tapping mode is similar to non-contact mode. The only difference between the
tapping mode and the non-contact mode is that in taping mode the bottom of the tip barely touches
the surface under investigation. The tapping mode is superior to measure the topographic image
of the sample surfaces that are rough, easily damaged, or loosely held to their substrate.
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2.4. Photoemission Spectroscopy
Photoemission spectroscopy (PES) is a most commonly used spectroscopic technique to
probe occupied electronic state at the surfaces. The working principle of PES is based on
photoelectric effect. In PES measurements, the mono-energetic photons excite the electrons of the
sample atoms. The excited electrons are analyzed based on their kinetic energy. The PES technique
is called x-ray photoemission spectroscopy (XPS) if the photon source used to irradiate the surface
is in the x-ray spectral range (100 eV -10 keV). These photons excite the core electrons of the
sample atoms. Thus, XPS is used to probe the core-level. If the photon source used to irradiate the
surface is in the ultraviolet spectral range (10 eV – 50 eV), the PES technique is called ultraviolet
photoemission spectroscopy (UPS). UPS probes the valence and conduction bands.
Steinhardt and Serfass at Lehigh University developed precision electron spectrometers6
and Kai Siegbahn at the University of Uppsala first measured high resolution XPS spectra in the
1950s. In subsequent decades, Siegbahn and his group studied the core-level binding energy and
shift in core-level binding energy due to chemical bonding7. Siegbahn was awarded Nobel Prize
for Physics in 1981 for his achievements in XPS.
2.4.1. X-ray photoemission spectroscopy
When X-ray photon interacts with electrons in the atomic shell, photoelectrons are
originated. A part of these photoelectrons go through inelastic process and rest of the
photoelectrons escape from the sample to the vacuum. The kinetic energy of the ejected
photoelectrons can be expressed in the following form
𝐾𝐸 = ℎ𝜈 − 𝐵𝐸−ɸ𝑆
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(1)

Where ℎ𝜈 = X-ray characteristic energy
BE = binding energy of the sample
ΦS = work function of the sample.

The Fermi-level of the sample and the analyzer are in equilibrium because the sample is
electrically contacted with the analyzer. If ΦA is the work function of the analyzer, the difference
in work function of sample and analyzer results a contact potential ΔΦ = ΦS – ΦA. Then, according
to Figure 2.3, the kinetic energy of the photoelectrons measured by the analyzer is given by
𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐵𝐸−ɸ𝑆 − (ɸ𝐴 − ɸ𝑆 ) = ℎ𝜈 − 𝐵𝐸−ɸ𝐴

(2)

Thus, the binding energy of the photoelectrons measured by the analyzer is given as
𝐵𝐸 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − ɸ𝐴

(3)

Figure 2.3: Schematic diagram showing the energy terms involved in the XPS of a solid material.

Equation 3 shows that the binding energy of the photoelectron measured by the analyzer is
independent of the sample work function. The X-ray photon energy is known and the analyzer
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work function is calibrated, the kinetic energy of the photoelectron determines the binding energy
and vice versa.
A typical XPS spectrum, as shown in Figure 2.4, is a plot of intensity (counts per second)
as function of binding energy. Each characteristic XPS peak at characteristic binding energy
corresponds to specific element. These XPS peaks correspond to the shell from which the electrons
were emitted. XPS probes the first few layers of the sample because the attenuation length of the
photoelectrons is small. Only electron emitting from top layers of the sample can escape
elastically. The electrons emitting from deeper in the sample undergo inelastic collisions that gives
the background of the XPS spectra. In addition to XPS core-level peaks, the XPS spectra consists
Auger electron peaks. The biding energy shifts (or core-level shifts) of the peaks give the
information about the chemical state of the element and local environment8.

Figure 2.4: A typical XPS spectrum of graphene/Ni(111) sample using MgKα X-ray source.

2.4.1.1. PES Instrumentation
The schematics of PES instrumentation is shown in Figure 2.5. The experimental set-up
for PES consists of monochromatic source of photon and electron energy analyzer. Most of the
26

laboratory sources for XPS are X-ray tubes, which are equipped with Mg or Al anodes. The
characteristics emission spectrum used are Mg Kα at 1253.6 eV (linewidth 0.70 eV) and Al Kα at
1486.6 eV (linewidth 0.85 eV). In order to block the sample from stray electrons, contaminations,
and heat from the anode, a thin Al foil is used as a shield at the exit of the X-rays. The X-ray
source is operated at 500 W to 1 kW power with 5-15 keV. Thus, water cooling of the X-ray source
is important to prevent inter-diffusion of Mg and Al, and evaporation.

Figure 2.5: Schematic diagram showing XPS experimental set up.

The laboratory source for the UPS is a gas discharge lamp. The discharge lamp is flanged
to the UHV chamber through a differentially pumped capillary. The capillary supplies the UV light
to the sample surface to be investigated. The discharge burns in a water cooled compartment. The
most important source is the He discharge which produces two intense line with photon energy of
21.2 eV and 40.8 eV.
Various types of electron energy analyzers are used to detect electrons. Hemispherical or
127o deflectors are used for angle-resolved photoemission spectroscopy (ARPES) measurements.
Cylindrical mirror analyzers are used when the angular resolution is not required. Retarding field
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analyzers are used to measure photoelectrons over a large acceptance angle to determine the
density of occupied states.
2.4.1.2. XPS C-1s core-level shift measuring charge doping of graphene
When graphene is interfaced with other weakly interacting materials charge transfer takes
place between graphene and the material. This interfacial charge transfer shifts the Fermi-level of
graphene relative to the Dirac point. As schematically shown in Figure 2.6, electron transfer from
graphene to metal is necessary to align the Fermi-level of graphene with that of the metal substrate.
Due to the low density of state at the Dirac point of graphene, this charge transfer results a
measurable shift in the Fermi-level of graphene. The direct method of measuring the Fermi-level
shift of graphene is the angle resolved photoemission spectroscopy (ARPES)9,10. However,
ARPES requires special sample preparation conditions, for example graphene should be single
crystalline and graphene should be close to the surface i.e. buried surface cannot be measured by
ARPES. The sample and instrumentation requirements limit the applications of ARPES. It has
been reported that peak shift in the Raman spectra can also be used to measure the Fermi-level
shift of graphene11-15. Convolution of peak shift due to doping and lattice-strain may make Raman
spectroscopy challenging for measuring Fermi-level shift or charge doping of graphene.

Figure 2.6: Schematic diagram showing electron transfer from graphene when graphene is contacted with a metal.
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Alternately, measurement of C-1s peak position by X-ray photoemission spectroscopy is
straightforward. Here, we demonstrate that shift in C-1s core level of graphene can also be used to
determine the Fermi-level shift of graphene. The small shift in the C-1s core-level of graphene can
be measured using C-1s position for highly oriented pyrolytic graphite (HOPG) as a reference. As
schematically shown in Figure 2.7, XPS binding energy (C-1s core level) is referenced to the
Fermi-level. A shift in the Fermi-level changes both the work function of graphene and the C-1s
core-level of graphene by the same amount. As a note of caution, measurement of C-1s core-level
shift of graphene to determine the charge doping of graphene can only be applied to weakly
interacting graphene/substrate systems. For strongly interacting systems, chemical shift in C-1s
core-level position dominate the charge doping or Fermi-level shifts.

Figure 2.7: Schematic energy level diagram showing relation between Fermi-level shift and C-1s core-level shift
measured in XPS.

2.5. Auger Electron Spectroscopy
Auger electron spectroscopy (AES) is a one of the most commonly used surface sensitive
technique to study chemical composition at the surface of a material. The Auger effect was first
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observed by Pierre Victor Auger in 1920s16. The AES technique was developed in the late 1960s
when UHV technology became available17. The working principle of AES is schematically shown
in Figure 2.8. When an energetic beam of electrons strike the atoms of a material, electrons (which
have binding energies less than the incident beam energy of electrons) may be ejected from the
inner atomic level. This process creates a hole and both electrons (incident electron and ejected
electron) leave the atom. By this process a singly ionized, excited atom is created. As an example,
the ionization occur by removal of K-shell electron is shown in Figure 2.8 (b). The electron
vacancy thus formed is filled by de-excitation of electrons from other electron energy states such
as L1 in Figure 2.8 (c). The ionized atom is now in highly excited state. It will rapidly come back
to lower energy state either by emission of X-ray fluorescence as shown in Figure 2.8 (c) or by
ejecting another electron from another (or same) state such as L2 as shown in Figure 2.8 (d). The
electron emitted by this process is called Auger electron. It should be noted that the X-ray
fluorescence and Auger process are alternates.

Figure 2.8: Schematic diagram illustrating Auger process.
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2.5.1. Auger Instrumentation
The schematics of AES experimental set-up is shown in Figure 2.9. The electron gun emits
primary electrons beam with a typical energy of 1 to 5 keV. The electron sources are either based
on thermionic emission or field emission. Hemispherical or cylindrical mirror analyzers are used
to detect the Auger electrons. In order to suppress the large background of true secondary electrons
and improve the peaks, the AES are recorded in derivative mode.

Figure 2.9: Schematic diagram showing AES instrumentation.

2.5.2. Auger line shape
A typical AES is shown in Figure 2.10(a). If valence electrons are engaged during the
Auger transition, the Auger line shape may provide information about the valence electronic
structure. For example, the AES line shape of carbide and graphitic carbon phases can be
distinguished18-20 as the KVV transition takes place during Auger transition. The KVV AES line
shape of carbon looks different from carbide to graphitic due to difference in valence band. Figure
2.10(b) and (c) shows CKVV AES line shape of graphitic and carbide phases respectively of carbon
on W(110). Thus, the AES line shape can be used to characterize the graphene.
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Figure 2.10: Auger electron spectra. (a) AES survey for graphene transferred on sulfur protected W(110). (b) C KVV
line shape of graphene/S/W(110) sample for graphitic phase. (c) C KVV line of graphene/S/W(110) sample for carbide
phase. The graphitic phase of carbon turns into carbide phase when graphene/S/W(110) is annealed at 750 oC.

2.6. Low energy electron diffraction
Low energy electron diffraction (LEED) is a surface sensitive technique to study the
crystallographic quality of the surface of a sample. The first experimental observation of LEED
was made by Daviss and Germer at Bell Laboratory21,22. In LEED measurements a beam of
electrons with primary energy between 20 to 300 eV is incident on the surface of the sample under
investigation and the elastically backscattered electrons give diffraction spots on a phosphorous
screen. LEED pattern provides mostly information about the 2D atomic structure of the sample
surface.
2.6.1. LEED instrumentation
The schematics of LEED instrumentation is as shown in Figure 2.11. LEED
instrumentation consists typically electron gun and display unit. The electron gun unit emits a
beam of primary electrons in the range of 20-500eV and the display unit exhibits the Bragg’s
diffraction spots. The electron gun unit consists of a cathode filament, a grid cylinder (Wehnelt),
and electrostatic with apertures A, B, C, and D. The display unit consists of four hemispherical
concentric grids and a fluorescent screen. Each of the grids and screen consist of central hole
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through which the electron gun is inserted. The sample is located at the center of curvature of the
grids and the screen.

Figure 2.11: Schematic diagram illustrating LEED experimental setup.

The Wehnelt cap has a somewhat negative bias with respect to the cathode filament and it
provides initial collimation to the electron beam produced from the filament. The cathode is at
negative potential while the apertures A and D, sample, and first and last grids are at same earth
potential. Thus the electrons emitted by the cathode are accelerated towards the sample and
scattered back from the sample to the screen in a field-free space. The apertures B and C have
potentials intermediate between A and D and are used to focus the electron beam. The second and
third grids have potential close to that of the cathode, but somewhat lower in magnitude and are
used to reject the inelastically scattered electrons from the sample. The fluorescent screen is biased
with a positive high voltage (~5 kV) in order to reaccelerate the elastically scattered electron from
the sample. The high energy of the reaccelerated electrons causes the fluorescence of the screen to
produce diffraction pattern.
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The diffraction pattern observed at the fluorescent screen is actually a view of the sample
surface in reciprocal space. The fluorescent screen corresponds to the Ewald sphere and diffracted
beams produce spots where reciprocal lattice rods intersect the Ewald sphere. The Ewald
construction for diffraction on a 3D lattice and 2D lattice are shown in Figure 2.12. A 2D lattice
can be considered as a 3D lattice with infinite periodicity in normal direction i.e. ǀcǀ → ∞. This
will result ǀc*ǀ → 0 for reciprocal lattice suggesting reciprocal lattice points along the normal
direction are infinitely dense i.e. the reciprocal points in 2D lattice forms rods. Thus, in contrast to
3D reciprocal lattice points, every 2D reciprocal points forms rods. The number of spots observed
in the fluorescent screen depends on the size of the Ewald-sphere. When electron beam energy is
increased, de Broglie wavelength is increased. Consequently, radius of the Ewald sphere radius is
increased, diffraction spots become closer to the specular beam, and more spots are seen.

Figure 2.12: Ewald construction for (a) 3D lattice and (b) 2D lattice.

2.7. Experimental apparatus
The experiments were conducted in four separate ultrahigh vacuum (UHV) chambers at
Interface and Surface Science Laboratory (ISSL), University of South Florida. The base pressure
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of all the UHV chambers were 2x10-10 Torr. The first UHV chamber is equipped with low energy
electron diffraction optics for LEED measurements and double passes cylindrical mirror analyzer
with built in electron gun for AES measurements. The second chamber is equipped with an
Omicron VT-scanning tunneling microscope and LEED optics. The third chamber is equipped
with X-ray photoemission spectroscopy. The fourth chamber is equipped with Omicron room
temperature scanning tunneling microscopy ultraviolet photoemission spectroscopy, X-ray
photoemission spectroscopy, and ion scattering spectroscopy. Mg/Al dual anode x-ray source were
used for XPS in third and fourth UHV chambers. In addition to X-ray source, fourth chamber was
equipped with He-VUV lamp for UPS measurements. An Omicron-sphere II hemispherical energy
analyzer were used in fourth UHV chamber for measuring photoelectron spectra. In addition to insitu characterization of the samples, we used Park Scientific XE70 for atomic force microscope,
JEOL LSM-6390LV for scanning electron microscopy, Bruker AXS D8 Focus Diffractometer for
X-ray diffraction for ex-situ measurements of some samples.
All the UHV chambers were equipped with sample preparation equipment, such as argon
ion sputter gun for sample cleaning, sample heater, precision-leak valves for leaking Argon,
oxygen, and ethylene, and mini tectra GmbH electron-beam evaporation source for metal
deposition. In addition to UHV chambers, quartz tube furnace was also used to grow graphene on
copper foil. The tube furnace was pumped by roughing pump and the base pressure was 6.2x10-2
Torr and equipped with heater and leak valves to leak H2, Ar, and CH4.
Some of the samples were prepared and characterized at Center for Functional
Nanomaterials, Brookhaven National Laboratory and Department of Materials Science and
Engineering, University of Texas at Dallas.
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2.8. Sample preparations
The details of the sample preparation techniques for the respective sample will be discussed
in the respective chapters. In the following two subsections 2.8.1 and 2.8.2, we will discuss
graphene growth technique on copper foil in the tube furnace and graphene transferring process to
the desirable substrate respectively.
2.8.1. Graphene growth on Cu foil
The carbon solubility in copper is very low, which results a self-terminating monolayer
graphene on copper23,24. The schematics of the graphene growth process on copper foil is shown
in the Figure 2.13. High purity Cu foil (Alfa Aesar 99.99%, 25 μm thick) was cleaned by dipping
it in acetic acid solution for 10 minutes. Subsequently, the Cu foil was cleaned by ethanol and
placed in a tube furnace to grow graphene. After placing the Cu foil inside the tube furnace, the
tube furnace was pumped down by the roughing pump. Initially, H2 was leaked inside the tube
furnace at the pressure of 0.5 Torr and subsequently Ar was leaked with H2 and Ar total pressure
of 2 Torr. With continuous flow of the gases, the temperature of the tube furnace was ramped to
1000 oC in 65 min. The temperature of the tube furnace was kept stable at 1000 oC for 20 min.
This process removes any impurities like oxides form the copper foil. After 20 min, CH4 was
leaked keeping the temperature of the tube furnace at 1000 oC with total pressure of H2, Ar, and
CH4 of 6 Torr. After 20 min, the heating of the tube furnace was turned off and it was left to cool
down to room temperature. When the temperature reached less than 50 oC, all the gas flow in the
tube furnace was stopped. The graphene growth on copper foil was confirmed by taking SEM
image of graphene/Cu-foil.
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Figure 2.13: Schematic diagram showing steps of graphene growth process on copper foil.

2.8.2. Graphene transfer process
Graphene synthesized on copper foil can be transferred to the desirable substrates by wettransfer method24-26. Graphene transfer process is schematically shown in the Figure 2.14.
Graphene synthesized by chemical vapor deposition (CVD) on copper foil was spin-coated with a
very thin layer of poly methyl methacrylate (PMMA). The graphene on the other side of the copper
foil is removed by plasma etching to make the etching of the copper foil easier. PMMA/graphene
was detached from the copper foil by chemical etching of the copper in ammonium persulfate.
Any remaining copper particles and ammonium persulfate residue left on the PMMA/graphene
was cleaned by rinsing PMMA/graphene in DI water. Clean PMMA/graphene is captured with the
substrate in which the graphene has to be transferred. After transferring the PMMA/graphene to
the desirable substrate, it was first dried at room temperature and then annealed at 180 oC. When
PMMA/graphene/substrate is annealed at 180 oC, PMMA melts and helps to keep the graphene
flat on the substrate. Then, PMMA/graphene/substrate was dipped in acetone for 3 hours to remove
PMMA. Any remaining organic residue from PMMA is burned off by annealing
graphene/substrate in a tube furnace at 350 oC for 3 hours.
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Figure 2.14: Schematic diagram showing the steps of graphene transfer process from the copper foil to the desirable
substrate.
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3. Graphene Synthesis on Metals
Note to Reader
Sections 3.2 and 3.3 of this chapter have previously published in Applied Physics Letters
100, 241602 (2012) and Surface Science 634, 9 (2015) respectively, and have been reproduced
with permission from American Institute of Physics and Elsevier.

Nickel substrate possesses unique advantages to synthesize graphene. The close lattice
match and stronger interaction between graphene and Ni(111) allows to synthesize single domain
of graphene on Ni(111). Due to good lattice match between graphene and Ni(111), graphene on
Ni(111) substrate adopts the lattice spacing of Ni(111) and 1×1 surface structure is formed.
However, twisted domain of graphene with respect to the Ni(111) substrate with certain graphene
growth condition has also been reported recently1-3. We also observe the nucleation of rotated
graphene with respect with the Ni(111) substrate during graphene growth on Ni(111)-film. More
importantly, we observe the formation of selective bilayer graphene underneath of rotated bilayer
graphene by carbon segregation. Bilayer graphene has technological importance because a band
gap can be opened in bilayer graphene by applying perpendicular electric field4-6. In section 3.1of
this chapter, we will present the study of the self-terminating monolayer graphene growth on single
crystalline Ni(111) substrate in UHV growth condition. The study of the bilayer graphene growth
on Ni(111)-film will be presented in section 3.2.
In this chapter, we also present the results of the study of graphene on W(110).
Thermodynamically carbide formation is favored over graphene growth on tungsten. Thus, direct
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graphene growth on tungsten is not possible by CVD or physical vapor deposition of carbon.
Alternately, we prepare graphene on sulfur protected W(110) surface by transferring graphene
grown on copper foil to sulfur protected W(110). The sulfur protection of W(110) surface is
essential before transferring graphene because of two reasons: (1) to prevent the oxidation of
tungsten during the wet transfer process of graphene and (2) to prevent the formation of tungsten
carbide while annealing the transfer graphene in vacuum. The study of graphene/S/W(110)
interface is presented in section 3.3 of this chapter.

3.1. Monolayer graphene growth on single crystal Ni(111) in UHV
3.1.1. Introduction
As discussed at the begging of this chapter, Ni(111) is a unique substrate to grow graphene.
However, Ni has relatively higher carbon solubility at high temperature (see Table 1.1 in chapter
1) as compared to other transition metals. Thus, Ni substrate precipitates more amount of carbon
during cooling that results the formation of multilayer graphene. The formation of multilayer
graphene on Ni can be suppressed by rapid cooling7 or growing graphene at low temperature using
low hydrocarbon precursor pressure8. In this section, we will describe the approaches to grow selfterminating monolayer on Ni(111) substrate at low temperature. Graphene on Ni(111) is unstable
above 650 oC9,10 in UHV growth condition and Ni2C phase is stable upto 480 oC10. Thus, in our
study we chose graphene growth temperature between 500 oC and 650 oC, which lie between
graphene stability temperature and carbide-phase stability temperature.
3.1.2. Experimental detail and sample preparation
Graphene synthesis on single crystal Ni(111) was studied in two separate UHV chambers
with base pressure of 2×10-10 Torr. The first UHV chamber was equipped with a double-pass
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cylindrical mirror electron analyzer with built-in electron gun for Auger electron spectroscopy
(AES). The second chamber is equipped with low energy electron microscopy (LEEM) that allows
in-situ real time observation of graphene nucleation and growth. Also, LEEM can be used to record
micro-diffraction of the sample in area down to 2 µm diameter. Both of the UHV chambers were
also equipped with sample preparation equipment such as precision-leak valves for ethylene and
oxygen leaking, argon-ion sputter for sample cleaning, and sample heater. Ni(111) was cleaned by
ion-sputtering and annealing cycles. Any carbon residue in the sample was removed by annealing
Ni(111) in oxygen atmosphere at 10-6 Torr pressure. Graphene on Ni(111) was grown by back
filling the UHV chamber with ethylene at 10-6 Torr pressure and at various temperatures at indicted
below in result and discussion subsection.
3.1.3. Results and discussion
Figure 3.1 (a) shows the LEEM image illustrating the graphene on Ni(111) when graphene
is synthesized at the sample temperature of 605 oC. The LEEM image shows that the Ni(111)
surface is almost covered by graphene. The dark area in the image is the bare Ni(111) surface.
Figure 3.1 (b) shows the graphene/Ni(111) surface when the sample is annealed at 655 oC. The
image depicts that the graphene start to disintegrate to bulk of the Ni(111) substrate indicating
graphene is unstable on Ni(111) surface above 650 oC. This observation is in agreement with the
previous report of the upper limit of graphene stability temperature9,10. Below 400 oC, surface
carbide is formed on Ni(111). It has been reported that this surface carbide is stable up to 480 oC10.
The surface carbide formation disrupts the nucleation of graphene on Ni(111). Thus, we chose 500
o

C as the lower limit to grow graphene on Ni(111). In this experiment, we study the graphene

growth on Ni(111) at 500, 550, and 600 oC, which lie between stability temperature of surface
carbide and graphene.
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Figure 3.1: LEEM images showing the thermal stability of graphene on Ni(111). (a) LEEM image showing graphene
on Ni(111). The dark areas in the LEEM image are the bare Ni area. (c) LEEM image of graphene/Ni(111) sample
annealing to 655 oC. At this temperature graphene starts to dissolve into the bulk on Ni(111) crystal. Figure reproduced
from Ref.11. © 2012, American Institute of Physics.

3.1.3.1. Graphene growth at 500 oC
Figure 3.2 shows LEEM images and Auger electron spectra when clean Ni(111) surface is
exposed to different ethylene pressure at 500 oC. For ethylene exposure of 5 – 100L, we observe
the transformation of clean Ni(111) surface into different surface phases. According to previous
reports10,12 and correlation with the AES measurement presented in Figure 3.2 (d), we identify
these are the single layer nickel carbide phases. We observe first nucleation of graphene when
ethylene exposure reaches to 760L. The graphene growth advances with the rate of ~5.5 nm/s with
further continuous increase of ethylene exposure but the distinct phases of surface carbide are not
observed after the nucleation of graphene phase. It is most likely that graphene grows by the direct
transformation of the surface carbide, which is in agreement with previous STM studies2.
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Figure 3.2: Evolution of Ni(111) surface after exposing clean Ni(111) surface to ethylene. (a) Clean Ni(111) surface.
(b) Bright line in the LEEM image are the metallic steps. (b) LEEM image after exposing Ni(111) surface to 16L of
ethylene. The Ni(111) surface converts to coarse Ni2C. (c) LEEM image after increasing the ethylene to 360L. We
observe the development of fine microstructures. (d) Auger electron spectra showing the presence of both Ni 2C and
graphene phases while growing graphene at 500 oC. (e) LEEM image after increasing the ethylene exposures to 1700L.
Fragmented graphene sheets are observed. Figure reproduced from Ref. 11. © 2012, American Institute of Physics.

3.1.3.2. Graphene growth at 550 oC
When ethylene is exposed on clean Ni(111) surface at 550 oC, only a weaker AES CKVV
peak is observed, which is due to the formation of some isolated domains of Ni2C or disordered
Ni2C. The first graphene nucleation is observed when ethylene is exposed to 600L at 550 oC. The
graphene growth advances at the initial rate of ~35 nm/s with continuous exposure of ethylene.
The graphene growth rate at 550 oC is about seven times faster than at graphene growth at 500 oC.
The other most important difference between graphene growth at 550 oC is the formation carbon
denuded zone in front of graphene as shown in Figure 3.3 (b). The size of the carbon denuded zone
is about 3-4 µm. The formation of carbon denuded zone indicates that the graphene growth at 550
o

C is not in contact with Ni2C phase. Such carbon concentration gradient away from the growing
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graphene edge indicates that graphene growth is dominated by the surface diffusion and not by the
carbon precipitation from the bulk of the Ni(111) crystal i.e. graphene growth advances by
attachment of carbon atoms at the edge of the graphene edge. This graphene growth is similar to
the carpet-growth observed for the transitional metals, where graphene nucleates on top of the
clean metal surfaces and graphene growth advances by the attachment of carbon atoms at the free
edges of graphene. For most of the transition metals, the step edges of the metal do not obstruct
the graphene growth. In the LEEM movies, we observe the slowing down of the graphene growth
rate when the two graphene grains approaches each other, further supporting the graphene grows
by surface diffusion. The graphene growth rate depends on the availability of bare Ni region to
decompose the ethylene. The slowing down of the graphene growth rate forms gaps in between
the graphene grains and it takes longer time to fill the gaps. The gaps are apparent in the large scale
LEEM image as shown in Figure 3.3 (c).

Figure 3.3: Surface evolution of Ni(111) surface after exposing to ethylene at 550 oC (a-c) and 600 oC (d). (a) LEEM
image after exposing ethylene to 300L at 550 oC. Isolated Ni2C domains are observed. (b) Graphene growth is
associated with the carbon de-nuded zone. (c) Large scale LEEM image (field of view 77 µm) showing graphene
growth at 550 oC. (d) LEEM image showing the graphene growth at 600 oC. The carbon de-nuded zone is much wider
as compared to graphene growth at 550 oC. Figure reproduced from Ref.11. © 2012, American Institute of Physics.
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3.1.3.3. Graphene growth at 600 oC
We observe additional changes when graphene is grown on clean Ni(111) surface at 600
o

C. When ethylene is exposed on clean Ni(111) surface at 600 oC, the first significant AES carbon

signal observed is that for the graphene phase suggesting less carbide is formed at 600 oC.
Additionally, the graphene nucleation at 600 oC requires four times higher ethylene exposure as
compared to that of at 550 oC. The size of the carbon denuded zone is about 10-15 µm as shown
in Figure 3.3 (d), which is 3-4 times larger than graphene grown at 550 oC. Furthermore, the
graphene growth rate is ~ 4.8 nm/s, which is about 1/7th time slower than at 550 oC. The slower
graphene growth rate at 600 oC suggests that the graphene grows by the competition between the
surface diffusion of carbon at the front edge of graphene and dissolution of carbon atoms into bulk
of the Ni(111) crystal.

3.2. Bilayer graphene growth on Ni(111)-film
3.2.1. Introduction
Graphene growth on Ni(111) surfaces has been characterized as an epitaxial growth system
where the graphene adopts the lattice spacing of the Ni substrate and thus forms a 1x1 surface
structure13-15. The preferred alignment was determined with one carbon atom on top of a Ni atom
and the second carbon atom of the two-atom unit cell to be located over a three-fold hollow site of
the Ni-substrate10,16. However, recently there have been a few reports that indicate that under
certain growth conditions graphene domains that are rotated relative to the Ni(111) surface can be
observed1-3. The origin of rotated domains has been attributed to the presences of surface nickel
carbide in two of these recent publications2,3. Both studies relied on room temperature STM to
observe the surface structure post growth, which is an indirect approach for understanding growth
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mechanisms and thus leaves some uncertainty. Here we observe directly the nucleation and growth
of rotated graphene sheets on Ni(111) thin films by low energy electron microscopy (LEEM). We
show that extended Ni2C surface carbide phase is not present during growth of rotated domains.
Importantly, we find that we can obtain bilayer graphene, by carbon-segregation from the bulk,
exclusively under graphene domains that are rotated with respect to the Ni(111) substrate and no
bi-layer is formed for graphene domains that are in registry with the Ni-substrate. Selective and
self-limiting growth of graphene underneath of rotated graphene domains may thus provide an
approach for controlled formation of (twisted) bi-layer graphene. Synthesis processes for bi-layer
graphene are sought, because (twisted) bi-layer graphene exhibit exciting physical properties17-19.
For technical applications bi-layer graphene is an interesting material because a band gap can be
opened by a perpendicular electric field4-6 and thus it has great potential for microelectronics
devices. Controlling bi-layer growth on metal substrates20,21 would be of particular interest for the
synthesis of wafer-sized graphene.
Most previous surface science studies of graphene growth on Ni were either performed on
Ni(111) single crystals or thin Ni-films on W(110). Graphene growth temperatures for thin Nifilms on W(110) are limited due to the thermal stability of Ni-film to below ~600°C. Graphene
growth on bulk single crystal is limited by the carbon solubility in the bulk and at temperatures
above ~ 650 °C graphene is unstable on pure Ni10,11. This stability temperature is increased with
higher carbon concentration in the Ni crystal22. Most studies of graphene growth on single crystal
bulk only observe monolayer formation for chemical vapor deposition (CVD) growth under ultra
high vacuum (UHV) conditions, i.e. low hydrocarbon pre-cursor pressures of <10-5 Torr. This is
likely related to the fact that the Ni-bulk acts as a carbon sink that cannot be saturated under UHV
growth conditions. Here we grow (111) oriented Ni films of ~200-300 nm thickness on YSZ(111)
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substrates at ~550 °C. This results in well oriented films as is apparent from a sharp 1x1 LEED
pattern. Similar (111) oriented Ni-films for graphene synthesis have been reported on MgO
substrates23. The thermal stability of these Ni-films and their small volume, which limits carbon
diffusion deep into the bulk, enables growth of graphene at higher temperatures than is possible
on single crystal nickel samples. Furthermore, because the carbon is not lost into the bulk it can
also segregate easier back to the surface to form bi-layer graphene upon cooling of the sample.
3.2.2. Experimental detail and sample preparation
In this study, two UHV chambers with base pressure of 2×10-10 Torr were used. The first
UHV system was equipped with a double-pass cylindrical mirror electron energy analyzer (CMA)
with build-in electron gun for Auger electron spectroscopy (AES), and low energy electron
diffraction (LEED) optics. The second UHV chamber is equipped with LEEM. A brief description
of LEEM and AES chamber is presented in section 3.1.2. The Ni(111) crystal was cleaned by the
process as explained in section 3.1.2. Graphene was prepared by exposure of the Ni-film to
ethylene by back filling the UHV chamber to 10-8- 10-5 Torr C2H4 and with the sample at various
temperatures as indicated below.
3.2.3. Results and discussion
Figure 3.4 (a) and (b) show LEED patterns for graphene films grown at different substrate
temperatures. The existence of a complete graphene film and the absence of surface carbide were
verified by AES24. LEED pattern of graphene films grown at above 650 °C exhibit arcs at 17° to
the left and right of the 1x1 substrate primary spots with the arcs enclosing an angle of ±7°. This
indicates that graphene grown at these higher temperatures exhibits domains that are rotated
relative to the substrate and thus the carbon atoms cannot occupy their preferred adsorption sites
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with respect to the Ni-substrate. From AES measurements we also determine the C/Ni ratio at
room temperature. We consistently observe a C/Ni ratio of ~1.45 for graphene layers grown at
lower temperatures, for which LEED indicates 1x1 ordering. A higher C/Ni ratio is observed for
growth temperatures at or above 650 °C, for which LEED indicates the presence of rotated
graphene domains. The measured C/Ni ratios are summarized as a function of growth temperature
in Figure 3.4(c). The increased C/Ni ratio indicates that bi- or multi-layer graphene forms more
readily on samples with rotated graphene domains.

Figure 3.4: Graphene growth on Ni(111) thin films as a function of growth temperature. (a) 1x1 LEED pattern for
graphene growth between 500 and 600 °C. (b) LEED pattern obtained after graphene growth at and above 650 °C,
exhibiting arc-structure indicative of graphene domains rotated by ~17±7°. The ratio of the carbon to nickel Auger
signal as a function of growth temperature is shown in (c). Graphene grown at low temperature exhibit a ratio
consistent with monolayer graphene, while at higher growth temperatures the C/Ni Auger ratio indicates bi- or
multilayer graphene formation.

To obtain real space information on graphene growth on the thin Ni-films we performed
LEEM studies. Compared to our previous studies on Ni single crystals11 we observe nucleation
and growth of graphene at lower C2H4 exposures, in agreement with the notion that less carbon is
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‘lost’ into the bulk. In contrast to the often employed growth on Ni-foils by carbon segregation
during cooling25, graphene grows, under the conditions used here, mainly in a surface growth
process during C2H4 exposure11. Regardless of the growth mode, a significant amount of carbon
is being dissolved into the Ni-film and some of it may re-segregate to the surface. This causes
continuing growth of incomplete graphene flakes after shutting off the ethylene supply; and as we
discuss below, the formation of bi-layer graphene upon cooling of the sample.
Growth of graphene on a thin Ni(111) film on YSZ has been observed by LEEM at different
growth temperatures between (~550°C and ~750°C) and typical C2H4 pressure of 5×10-8 Torr.
With increasing temperature the nucleation density of graphene decreases and at lower
temperatures selective area micro-diffraction indicates that the graphene flakes are all in registry
with the substrate, in agreement with large area LEED patterns discussed above. Figure 3.5 shows
LEEM snapshots taken at the highest growth temperature (~750 °C). In the 66 μm field-of-view
we see two graphene flakes growing. The growth rate of these two flakes is distinctively different.
The graphene flake that nucleated first in the lower half of the field-of-view is growing
significantly slower (~125 nm/s edge velocity) than the graphene flake that is growing in from the
top (~210 nm/s). Selected area diffraction on those two graphene flakes (also shown in Figure 3.5)
indicates that the slow-growing graphene flake is in registry with the substrate while the faster
growing graphene flake is rotated by 17° relative to the substrate. For the rotated graphene flakes
additional diffraction spots are observed that indicate a large unit-cell structure (spots close to the
center of the micro-LEED pattern). These spots are the result of the formation of a superstructure
due to superpositioning of two rotated hexagonal lattices (moiré-pattern). The difference in the
orientation of the two graphene flakes in Figure 3.5, may also be related to the growth speed of the
different domains. Such differences in the growth speed for rotated domains has been previously
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reported for graphene on Ir substrates26, and may be a consequence of different bonding of the
graphene-edge atoms to the substrate. This aspect is likely even more important for strongly
interacting substrate materials like Ni that exhibit strong Ni-C bonds for undersaturated grapheneedge atoms10. The difference in the growth speed implies that the growth kinetics favors the rotated
domains and thus a larger fraction of the surface is expected to be covered by the rotated domains
if they can be nucleated.

Figure 3.5: LEEM images (field of view: 66 μm) for graphene growth at ~ 750 °C. Early growth stages are shown in
(a), and nearly complete monolayer in (b). (c), (d) Selected area micro-LEED for the areas indicated in (b). The
graphene domain in the lower half only exhibits 1x1 LEED spots, i.e., it is in registry with the Ni(111) surface. MicroLEED taken in the upper half shows both the substrate Ni(111) spots as well as diffraction spots of a graphene sheet
rotated by 17° relative to the Ni(111) unit cell. In addition superstructure spots due to a moiré-pattern are present
(white circles).

Our real-time observations point to another, perhaps more interesting difference between
rotated and non-rotated graphene domains. Upon cooling of the sample, and even more
pronounced after repeated temperature cycles, second layer graphene is growing underneath the
rotated domain only. This is clearly shown in Figure 3.6, which shows contrast27 due to a second
layer graphene sheets in regions covered by the rotated graphene and no second layer graphene in
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(1x1) regions that are not rotated. This is in agreement with our space averaging combined
AES/LEED studies that showed a more-than-monolayer C/Ni ratio only on samples with rotated
graphene domains. A similar behavior of selected bi-layer graphene growth has been observed for
rotated graphene on Ir(111)28. The preferential growth of graphene underneath of rotated graphene
is governed by the interaction strength of graphene with the substrate. For graphene in registry
with Ni(111), carbon atoms can occupy their preferred adsorption sites and therefore the
interaction between graphene and the Ni substrate is strong (chemisorbed). For rotated graphene,
on the other hand, most of the carbon atoms are forced into sites relative to the substrates that have
a much weaker interaction (physisorbed)29. This behavior has also been studied in more detail for
incommensurate graphene/metal interfaces30. We propose that it is this weaker interaction that
enables the nucleation of second layer graphene between the weakly bound rotated graphene and
the Ni-substrate. Because the second graphene layer, in turn, is in registry with the substrate it will
suppress further graphene nucleation underneath, in the same way as there is no bi-layer graphene
growth observed under the monolayer graphene flakes that are in registry with the substrate.
Therefore, the controlled growth of rotated graphene on Ni(111) enables self-terminating bi-layer
graphene synthesis.

Figure 3.6: LEEM imaging at different electron energies of the same area as in Figure 3.5, after cool down to room
temperature (field of view: 66 m). (a) Dependence of the bright-field LEEM image intensity on the electron energy
(I-V characteristic), showing different behavior for monolayer and bilayer graphene on Ni(111). (b), (c) Contrast
reversal between monolayer and bilayer graphene at two electron energies, 2.6 eV and 8.6 eV, respectively. Bilayer
graphene formation is only observed in the domains that exhibit rotation of the first graphene layer with respect to the
Ni(111) substrate.
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From AES/LEED and LEEM we have correlated the growth of rotated graphene with the sample
temperature. Only at higher sample temperatures (above the graphene stability range on pure bulk
Ni(111) single crystals) rotated graphene flakes have been observed. Recent post-growth STM
studies on single crystal Ni(111) suggested that rotated graphene may form by growth on top of a
Ni2C surface layer3. Such a scenario can be excluded to be the reason for the rotated graphene in
our studies because, as shown previously, the surface carbide is not stable at high temperatures10
and directly from the absence of a surface carbide layer in our in-situ LEEM studies (as shown
previously, formation of a surface carbide shows a characteristic contrast difference in bright-field
LEEM11). Therefore our LEEM observations suggest that the rotated graphene in earlier studies
may also be obtained by graphene growth on pure Ni at appropriate growth temperatures, and that
the Ni2C-surface carbide phase may have formed subsequently underneath the rotated graphene
sheet during cooling (similar to the second layer graphene growth observed here). Regardless of
the origin of rotated graphene in earlier studies, the in-situ growth characterization by LEEM
clearly shows that in the current study a surface carbide phase is not formed and thus does not play
an important role in the formation of rotated domains. Furthermore, it is apparent that the
orientation of the graphene flakes is determined during the initial graphene nucleation, i.e. once a
graphene flake is nucleated with a certain rotation the graphene flake keeps growing in the same
orientation relative to the substrate, similar to other graphene/metal systems that have shown
multiple rotational variants15,26. The observed temperature dependence for formation of rotated
graphene flakes therefore indicates the formation of stable, rotated graphene nuclei above a critical
sample temperature around ~650 °C. One interesting experimental observation is the higher
growth speed for rotated graphene compared to graphene domains that are in registry with the
substrate, similar to observations of graphene on Ir(111)26. If we apply this observation to graphene
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nuclei, then this suggests that rotated graphene nuclei grow more rapidly and therefore may
achieve a stable size more readily than the slower growing (but lower energy) graphene nuclei that
are in registry with the substrate. This kinetic argument, paired with thermal fluctuations of nuclei
rotations at elevated temperatures may explain the preponderance of energetically unfavorable
rotated graphene flakes at higher growth temperatures. Recent DFT simulations29 have calculated
the energy difference between a chemisorbed state for graphene on Ni(111) with a graphene-Ni
separation of 2.3 Å and a physisorbed state with a 3.25 Å separation. They found essentially
identical binding energy for graphene in these two configurations within the accuracy of their
simulations. Thus it is well possible that a weaker bound, rotated physisorbed state of graphene is
accessible by thermal fluctuations.

3.3. Wet-transfer of CVD grown graphene onto sulfur-protected W(110)
3.3.1. Introduction
Graphene/metal systems have been extensively studied because many late transition metals
are convenient substrates for the synthesis of graphene by chemical vapor deposition (CVD)15,31.
On metals, such as Au or Ag, that are not chemically reactive enough to decompose hydrocarbon
precursors used in CVD reactions, graphene may also be grown by physical vapor deposition of
carbon32-34. In this way the interfaces between graphene and all late transition metals have been
synthesized and studied. For the earlier transition metals, carbide formation competes with the
formation of graphene2,11. For some elements like Re35 or Fe36 graphene can still be obtained at
the surface under the right conditions. However, for even earlier transition metals carbide
formation is generally favored and the direct growth of graphene on the pure metals has not been
achieved. It is worth mentioning though, that some reports showed that graphene can be obtained
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on the carbide of these transition metals, for example on tungsten carbide37 or tantalum carbide3840

, and very recent studies showed that graphene can be grown on carbide-forming early transition

metals by CVD, but during the growth the metal is also transformed into a carbide41.
The interaction of graphene with transition metals may be roughly divided into strong and
weakly interacting metals15 and this can be correlated to the d-band center of the metal and thus
the position of the element in the periodic table42. For strongly interacting metals hybridization
between graphene and the d-states of the metal causes a strong variation of the electronic structure
of graphene while for weakly interacting metals the electronic structure of graphene stays almost
intact and only some charge transfer doping is observed depending on the metal work function
43,44

. However, even on weakly interacting metals the graphene does not quite behave like

freestanding graphene and some electronic coupling is still present45. To decouple graphene from
the metal, intercalation of an atomic or molecular adsorption layer on the metal has been used46.
In particular oxygen can diffuse between the graphene and the metal and thus form quasifreestanding graphene47. Although oxygen is most commonly used, other elements that form
strong adsorption layers on the metal substrates may also allow decoupling the graphene from the
metal.
In this section, we examine if graphene can be studied on tungsten. Direct growth of
graphene on pure tungsten by CVD or physical vapor deposition of elemental carbon is not
possible because carbide formation is thermodynamically favored over formation of graphene. The
alternative to direct growth of graphene on a substrate is the transfer of graphene from a growth
substrate to an arbitrary material in a wet chemical transfer process. This has been successfully
employed for transfer of CVD-grown graphene to numerous flat substrates like SiO248,49. Our
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group also has demonstrated the transfer to SrTiO350 and MoS2
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and showed that surprisingly

clean interfaces can be obtained by annealing in ultrahigh vacuum (UHV). However, for a similar
transfer of graphene to tungsten several challenges exist. Tungsten easily oxidizes and thus a
solution transfer will likely result in significant interface oxide formation. High temperature
annealing that is required to clean the interface from impurities may result in a chemical reaction
between graphene and tungsten and consequently transforming the graphene into a carbide. Thus
for a wet transfer of CVD-graphene to tungsten the surface should be protected from oxidation and
the transferred graphene has to be sufficiently separated from the metal to avoid chemical
interaction. Here we show that these two objectives can be achieved by modifying the surface of
W(110) with an adsorbed layer of sulfur. This sulfur layer separates the graphene sufficiently from
the W(110) substrate to enable high temperature annealing and thus formation of a fairly clean
interface with only small amounts of oxygen contamination.
3.3.2. Experimental details and sample preparation
W(110)/sulfur/graphene interfaces were studied in three different UHV systems with
similar base pressures of 2×10-10 Torr. The first UHV system was equipped with a double-pass
cylindrical mirror electron energy analyzer (CMA) with build-in electron gun for Auger electron
spectroscopy (AES), and low energy electron diffraction (LEED) optics. The second UHV system
was equipped with an Omicron VT-scanning tunneling microscope (STM) operated at room
temperature. The third system was a UHV chamber for x-ray photoemission spectroscopy (XPS)
and ultraviolet photoemission spectroscopy (UPS). An Mg/Al dual anode x-ray source and HeVUV lamp were used for XPS and UPS, respectively. An Omicron-Sphera II hemispherical energy
analyzer has been used for measuring the photoelectron spectra. All spectra are measured at normal

56

emission. Evaluation of the C-1s core level was done by fitting it with a Doniach-Sunjic peak
shape to accommodate for the typical asymmetric line shape of sp2 carbon.
The W(110) sample was cleaned by repeated ion-sputtering and annealing cycles. The
remaining carbon in W(110) sample was cleaned by annealing in 5×10-8 Torr O2 at 600 oC for 1
minute. This process is repeated until the carbon in the W(110) sample was completely removed.
After the W(110) sample was cleaned, it is flashed to 1000 oC. Sulfur terminated W(110) samples
were prepared in UHV by exposing a clean W(110) surface to 1×10-8 Torr H2S at 800 oC by
backfilling of the UHV chamber. The sample temperature was measured with a thermocouple spotwelded on the W(110) crystal. For performing STM studies on the sulfur terminated surface the
sample was prepared in the AES/LEED UHV chamber and then transferred through air into the
STM chamber. Prior to STM measurements the sample was annealed in UHV at 750 oC. This
process of exposure to air and vacuum annealing likely resulted in loss of sulfur and thus an
incomplete sulfur terminated surface is observed in STM. Note, however, that although some
sulfur may be lost a uniformly clean surface has been obtained, suggesting that sulfur passivates
the metal and allows its transport through air.
Graphene was prepared by CVD growth on copper foil by employing the method explained
in section 2.8.1 in chapter 2. The graphene grown on copper was transferred to the sulfur-protected
W(110) by the approach similar to that explained in section 2.8.2 in chapter 2. The only difference
is the last step of the transfer process. Here, graphene was cleaned by annealing in the UHV instead
of annealing in the tube furnace. The advantage of annealing inside the UHV chambers enabled
monitoring of the surface by electron spectroscopy during the annealing process and is described
in the results section. We also performed comparative studies of graphene transfer to non-sulfur
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protected surfaces. For these studies a clean W(110) surface without a protective sulfur layer was
exposed to the same graphene-transfer conditions.
3.3.3. Results and discussion
Figure 3.7(a) shows AES of sulfur terminated W(110). To prepare the sulfur covered
surface the W(110) surface was exposed to H2S at 800 oC in several steps until the sulfur uptake
saturated. After every exposure of H2S, Auger electron spectra were taken and the S LVV/WNVV
ratios were measured. The AES SLVV/WNVV ratio as a function of exposure time is shown in Figure
3.7(b). The SLVV/WNVV ratio saturates after ~10 minutes total exposure time, indicating the
formation of a complete sulfur adsorbate layer. Additional sulfur-uptake due to diffusion into the
bulk does not occur or at least is much slower. Thus exposure of W(110) to H2S in UHV results in
a termination with a sulfur adlayer.

Figure 3.7: AES and LEED pattern for sulfur covered W(110). (a) AES of sulfur terminated W(110). (b) AES
SLVV/WNVV ratios as function of exposure time to 1×10 -8 Torr H2S at 800 °C . The saturation of the S LVV/WNVV ratio
after ~10 minutes exposure time indicates the formation of saturated sulfur adsorbate layer. LEED pattern of the (c)
clean W(110) surface and (d) after formation of a sulfur adlayer (LEED images are taken at 65 eV beam energy).
(e)The 1×5 superstructure grid superimposed on the LEED pattern in (d).
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The formation of an ordered sulfur adlayer can also be observed in LEED. Figure 3.7(c)
shows the LEED pattern of the clean W(110) surface and in Figure 3.7(d) the LEED pattern after
sulfur saturation is shown. For lower sulfur exposures initially streaky patterns in the <1-10>
direction are observed that sharpen into distinct spots at the highest sulfur coverage. The same
LEED pattern was previously observed for saturation S-coverage achieved by atomic sulfur
adsorption on W(110)52. However, in this previous study a number of other diffraction patterns
were also reported at lower S-coverage, which we could not reproduce in our study possibly
because of the use of different sulfur sources in the two experiments. In the previous study the
LEED pattern for high S-coverage was assigned to a 1×n superstructure, which explained the
streakiness, and a 1×3 for saturation coverage. Indeed at saturation we also observe two additional
spots between the primary spots of the W(110) substrate along the <1-10> direction. However,
these spots are not equally spaced (which was also observed in the earlier study) but rather the two
extra spots fall on a 1×5 grid, as shown on Figure 3.7(e). At this point it is not clear why not all
spots of a 1×5 superstructure should be visible, but a 1×5 superstructure is also in agreement with
STM studies, discussed next.
Figure 3.8(a) shows UHV-STM images of the sulfur-terminated sample. Due to the
removal of some sulfur in the annealing process, substrate W-atoms can be seen in small areas.
This enables the drawing of a substrate lattice, which is superimposed onto the STM image in
Figure 3.8(b). Although there exists some uncertainty in this lattice because of the only small
exposed bare W(110) areas, the S-induced structure agrees with a 1×5 superstructure. This
superstructure consists of three sulfur rows on top of five W(110) rows along the <1-10> giving
rise to the observed periodicity. From the STM images it also appears that there are at least two
different kinds of sulfur rows with one kind exhibiting many more missing sulfur atoms than the
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other, possibly suggesting different coordination of the sulfur atoms to the tungsten substrate
atoms. Unfortunately, the accuracy of the STM data is not good enough to determine the S-atom
position with respect to the tungsten atoms. A tentative model for a 1×5 S-adlayer on W(110) is
illustrated in Figure 3.8(c). Such S-terminated W(110) surfaces were taken as substrates for
subsequent wet-transfer of CVD-grown graphene.

Figure 3.8: STM image and tentative model for sulfur adsorption on W(110). (a) STM image sulfur adlayer on W(110)
surface. STM imaging conditions: Vb = 1.5V and It = 180pA. (b) W(110)-substrate grid superimposed on a selected
area from (a) indicating the 1×5 unit cell. (c) A tentative model for 1×5 S-adlayer on W(110). Dark blue balls are W
atoms and green balls are S atoms.

Figure 3.9 shows the AES after graphene transfer as a function of annealing temperature
for a sulfur-protected sample and a tungsten sample without sulfur protection. Annealing of the
samples to 600 oC results in a loss of oxygen contamination and also some decrease in the carbon
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intensity, which we attribute to desorption of contamination and/or residue from the PMMA
coating. The sulfur protected tungsten crystal shows measurably less oxygen contamination then
the sample without sulfur. The clearest difference between the two samples, however, occurs at
higher annealing temperatures of 750 oC. Under these conditions the oxygen contamination of the
sulfur terminated samples further decreases and the remaining oxygen is likely to the formation of
tungsten oxide 53,54 at defects in the sulfur layer. Importantly, the carbon peak on the S-protected
W(110) surface is maintained both in intensity as well as in the characteristic sp 2 peak shape of
graphene

2,55-57

. In contrast, for the sample without sulfur protection the carbon peak decreases

significantly and the peak shape of the remaining carbon is characteristic for a carbide. Thus,
without sulfur the graphene reacts with the tungsten substrate to from tungsten carbide and/or
dissolves into the tungsten bulk.

Figure 3.9: AES after graphene transfer as a function of annealing temperature for a sulfur-protected sample (top row,
(a)-(d)) and a tungsten sample without sulfur protection (bottom row, (e)-(h)). The carbon peak on the sulfur protected
W(110) surface is maintained in both intensity as well as in the characteristic sp 2 peak shape of graphene, shown in
detail in (d). For the sample without sulfur protection the carbon peak decreases significantly and the peak shape of
the remaining carbon is characteristic to that of a carbide as shown in (h).
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Differences between the S-protected and unprotected W-substrate is also observed in
LEED. Figure 3.10(a) shows a LEED pattern obtained from the sulfur protected surface after
annealing to 600 oC. In addition to the diffraction patterns indicating the substrate and the sulfur
adlayer, diffraction from the transferred graphene is also visible. The CVD-grown graphene on
copper foil is polycrystalline and thus instead of discrete diffraction spots, a diffraction-ring with
a radius corresponding to the reciprocal lattice constant of graphene is observed. If all possible
rotational orientations were present a perfect ring would be expected. The fact that we see an
interrupted ring suggest that within the sampling area of the LEED not all rotational orientations
are equally present. Observing a well-defined diffraction pattern that is a super positioning of the
S/W(110) substrate and the graphene clearly indicates that the S-termination has protected the
substrate during the wet transfer of graphene and the substrate maintained its order. In contrast for
the unprotected W(110) surface we only observe diffuse W(110) spots (not shown) but no
diffraction from the graphene even at annealing temperatures at which AES indicates the presence
of sp2 carbon. This suggests that the protection of the metal surface with an atomic sulfur layer is
necessary to obtain a well-defined interface between graphene and tungsten. In addition to
diffraction, atomic-resolved STM also shows the presence of graphene. The honeycomb structure
of graphene on S/W(110) is visible in the STM image shown in Figure 3.10(b) for a sample that
has been annealed at 750 oC for 30 min in UHV. In addition to the honeycomb structure a weak
corrugation of the graphene can also be seen. This corrugation may correspond to the row-structure
of the underlying sulfur layer, i.e. it has periodicities that resemble the sulfur structure shown in
the STM image in Figure 3.8(a).
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Figure 3.10: LEED pattern (a) and STM (b) of graphene on the sulfur protected W(110). LEED image is taken with
65 eV electron beam energy and STM is measured with Vb = 0.28V and It = 1.2nA. In the LEED, we can see the
W(110) surface spots, sulfur-induced superstructure spots, and diffraction-ring from transferred graphene. In the STM
image the honeycomb structure of graphene can be seen. In addition to honeycomb structure, we can see weak
corrugation of the graphene in the STM image. These corrugations may correspond to the row-structure of the
underlying sulfur layer. (STM image size: 10 nm×3 nm).

To characterize the interface band alignment between graphene and S/W(110) we
performed combined UPS/XPS studies. We first characterize the sulfur terminated W(110)
substrate, which was prepared in the AES-chamber and transferred to XPS chamber through air.
The only cleaning in the XPS/UPS chamber was by vacuum annealing. On sulfur/W(110) sample,
the binding energies for W-4f7/2 and S-2p3/2 core level peaks were determined to be 31.2eV and
161.5eV respectively. Using the secondary electron cut-off in UPS measurements, shown in Figure
3.11(b), we determined the work function of the sulfur terminated sample to 5.30 eV. Literature
value for the work function of clean W(110) surface is 5.25 eV58,59. Thus a surface dipole due to
the adsorption of sulfur changes the work function of the sample by 50 meV to higher values. This
may be compared to reported values of in-situ prepared sulfur terminated surfaces52. In these
studies the variation of the work function has been measured as a function of S-adsorption. For
low S-coverage a decrease in the work function was observed but at saturation coverage a ~120
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meV higher work function is measured compared to the bare W(110) surface. Our measurements
agree with the trend that sulfur adsorption increasing the work function at saturation coverage.

Figure 3.11: Band alignment measurement with photoemission spectroscopy. (a) C-1s core level for graphene on
S/W(110), graphene on Cu-foil, and HOPG. All the C-1s peaks were fitted with the same mixture of Doniach Sunjic
and Gaussian(20%) Lorentzian(80%) line shape. For graphene on both Cu and S/W(110) exactly the same full-widthhalf maximum (FWHM) of 1.48 eV are obtained. For HOPG the FWHM was measured to 1.24 eV. For graphene on
S/W(110), C-1s core level was de-convoluted with a graphene component at 284.1 eV and much smaller component
at 285.1 eV, which is attributed to carbon contamination and/or PMMA residue. The C-1s core level of graphene on
Cu-foil is measured as 284.6 eV and for HOPG as 284.3 eV. The relative uncertainties in the C-1s peak position for
the different samples are estimate to be around 0.05eV. (b) UPS spectra for the S/W(110) surface and after graphene
transfer to this surface. The samples are biased with 9.26 V to enable monitoring of the cut-off of the secondary
electron background that is used to determine the work function of the samples. As is typical for UPS measurements
from graphene/graphite only very weak photoemission is observed from the valence band especially close to the
Fermi-level. The peak at 13.54 eV is from graphene-bands. (c) Schematic showing the C-1s binding energy shift which
is equivalent to shift of the Fermi-level relative to the Dirac point in the graphene. (d) Interface band diagram between
graphene and W(110)-S derived from the XPS/UPS measurements.

After transferring graphene to the S/W(110) surface and vacuum annealing to 750 oC the
same core level positions for sulfur and W were observed as before graphene transfer, suggesting
no chemical interaction between the graphene and the sulfur. The C-1s core level was deconvoluted with a graphene component at 284.1eV and a much smaller component at 285.1eV,
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which is attributed to carbon contamination and/or PMMA residue60. The C-1s binding energy of
the graphene component is compared to binding energies also measured in our apparatus for CVD
grown graphene on copper foil and for HOPG. All three measurements are shown in Figure
3.11(a). C-1s core level of graphene on Cu-foil is measured as 284.6 eV and for HOPG as 284.3
eV. The different C-1s binding energies for graphene on different substrates can be understood
from a rigid band structure model where the energy difference between the Dirac point of graphene
and the C-1s core level is a constant value. In this case a shift of the Fermi-level relative to the
Dirac point in graphene will cause an equivalent shift of the C-1s binding energy44. The details of
the usefulness of XPS C-1s binding shift as a tool for evaluating Fermi-level shifts in graphene
will be discussed in section 4.4 of chapter 4. Note that C-1s measurements were taken at normal
emission and thus the reported dispersion of the C-1s core level as a function of emission angle of
less than 0.05 eV does not contribute to the uncertainty of the measurement. This is schematically
shown in Figure 3.11(c). Similarly, the work function of graphene is shifting in such a rigid band
model where the energy difference between the Dirac point and the vacuum level is a material
property and thus a shift of the Fermi-level away from the Dirac point due to doping will vary the
work function by the same amount. Thus the change in the work function of graphene is equal in
amount as the shift of the C-1s core level but opposite in sign.
Using the C-1s peak for HOPG as the reference for a charge neutral graphene/graphite then
the 0.3 eV higher binding energy for graphene/copper compared to HOPG indicates a 0.3 eV shift
of the Fermi-level above the Dirac point, i.e. n-type doping of graphene and this is in agreement
with direct measurements of the doping using angle resolved photoemission spectroscopy
(ARPES)61. In analogy we explain the 0.2 eV lower binding energy of graphene on S/W(110) by
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a 0.2 eV downward shift of the Fermi-level with respect to the graphene’s Dirac point, i.e. a p-type
doping of graphene.
Charge doping of graphene in contact with weakly interacting materials is mainly a
consequence of the different work function between graphene and the substrate. As mentioned
above we measure a work function for the S/W(110) surface of 5.3 eV which is much larger than
the work function of graphene. For charge neutral graphene the typical work function is given to
be around 4.4 eV. This value corresponds to the energy difference between the Dirac point and the
vacuum level (see Figure 3.11(b)). This difference in the work function causes electron transfer
from the graphene to the S/W(110) substrate when the two materials are brought into contact.
Because of the low density of states of graphene around the Fermi-level this charge transfer gives
rise to the measurable 0.2 eV downward shift of the Fermi-level. We note that this shift in the
Fermi-level corresponds to a charge of only 0.0009 electrons per carbon atom. This value is
estimated by integrating the linear increase in the density of states around the Fermi-level of
graphene from 0 to 0.2 eV43,44.
As already mentioned for a rigid band model the work function of graphene should change
by the equal but opposite amount to the shift of the C-1s peak. We measure a work function of the
sample after graphene transfer of 4.52 eV, which is indeed larger than for charge neutral graphene
of 4.4 eV, however only by 0.12 eV. Considering the uncertainties in the measurement of the work
function, which is at best +/- 0.05 eV, and the reliability of the literature value for the work function
of charge neutral graphene, then our measurement is within the range of uncertainties.
The difference in the vacuum levels of graphene (after charge transfer) and S/W(110) still
requires the formation of an interface dipole of 5.3 eV- 4.52 eV= 0.78 eV. Such a dipole does not
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arise from interface charge transfer but rather form the so-called ‘pillow’ effect of adsorbed
molecules on surfaces, i.e. a charge redistribution due to Pauli exclusion of charges from the
graphene with those of the substrate62,63. For metal substrates this pillow effect was estimated in
DFT simulations to account for an interface dipole of around 0.9 eV43. Our previous experimental
studies on various substrates44,50 have, however, resulted in a smaller value of 0.5 eV. The value
measured here lies in between these two values. Combining the experimental data for work
function and C-1s core level position lead us to an interface band diagram, which is illustrated in
Figure 3.11(d).

3.4. Conclusion
Our graphene growth study shows that self-terminating monolayer graphene cab be grown
on Ni(111) in UHV condition below 650 oC, which is the phase stability temperature of graphene
on Ni(111). LEEM and AES measurements demonstrate that the optimum graphene growth
temperature on Ni(111) is ~ 550 oC. The optimum graphene growth temperature on Ni(111) is
determined from the interplay between graphene stability temperature and formation of Ni2C on
the Ni(111) surface. Surface carbide is formed on the Ni(111) surface below 500 oC, which
interferes with the formation of high quality (defect-free) graphene.
Our study also present a rational approach for the growth of selected bilayer graphene by
chemical vapor deposition methods. We study the bilayer graphene growth on Ni(111)-film grown
on YSZ(111). The study shows that the bilayer graphene is formed on Ni(111) film above 650 oC
growth temperature. The bilayer graphene growth was characterized by LEEM, LEED and AES.
At 600 oC and below, graphene grows in registry with the Ni(111) substrate and no second layer
graphene is formed. At 650 oC and above, rotated graphene domain is formed and second layer of
67

graphene is formed underneath the rotated graphene domain by carbon segregation from bulk
while cooling the sample. The second layer of graphene is in registry with the Ni(111) substrate
which prevent the segregation of more carbon from the bulk allowing self-limiting bilayer
graphene growth on Ni(111)-films.
In addition to graphene on Ni(111), we study graphene/sulfur/W(110) system. To prepare
graphene/sulfur/W(110) interface, graphene grown on copper foil was transferred to the sulfur
protected W(110) surface. Our study show that a reasonably clean interface can be obtained by
vacuum annealing the sample, if W(110) surface is passivated with a sulfur monolayer prior to
graphene transfer. The sulfur passivation of the W(110) prevents the oxidation of tungsten during
graphene process. Moreover, the sulfur protection layer prevents the formation of tungsten carbide
while annealing the sample in UHV at high temperature. Graphene/sulfur/W(110) interface was
characterized by surface science methods such as AES, LEED, STM, and XPS/UPS. XPS/UPS
measurements suggest that graphene on sulfur-protected W(110) is p-type doped with a 0.2eV
downward shift of the Fermi-level below the Dirac point.
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4. Graphene Heterostructures
Note to Reader
Sections 4.2, 4.3, and 4.4 of this chapter have previously published in Journal of Applied
Physics 113, 194305 (2013), ACS Applied Materials & Interfaces 7, 2082 (2015), and APL
Materials 1, 042107 (2013) respectively, and have been reproduced with permission from the
American Institute of Physics and ACS Publications.

Deposition of ultrathin, conformal, and uniform high-κ dielectric material is desirable on
top of graphene for better performance of graphene field-effect transistors (FETs). However, low
surface energy of graphene makes it difficult to deposit uniform high-κ dielectric material on top
of graphene preventing the formation of contiguous high- κ film. In this chapter, we demonstrate
that uniform and pinhole-free yttria, a high-κ dielectric material, can be deposited on graphene.
Section 4.1 describes the monolayer of yttria growth on Pt(111). The study of thick yttria layer
growth on Ni(111)-film is presented in section 4.2. We also demonstrate the use of yttria as a
seeding layer to deposit another high-κ dielectric material alumina on graphene, which is presented
in section 4.3. Finally, we present our study of interfacial charge transfer of graphene when
graphene is interfaced with other materials in section 4.4.

4.1. Monolayer yttria growth on Pt(111)
4.1.1. Introduction
Fabrication of graphene into device architecture requires the deposition of high quality
high-κ dielectric materials on graphene1-3. The dielectric films on graphene should be ultrathin,
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uniform, pinhole-free, and conformal. However, the insert nature of graphene results deposition of
dielectric on graphene to be non-uniform and non-conformal. To address this issue, graphene has
been modified or seed layers have been deposited on graphene before the deposition of dielectric
on graphene4-9. The modification of graphene may lead to degradation of graphene intrinsic
properties2 whereas the use of seed layer may decrease the overall capacitance of the dielectric5.
However, it has been demonstrated that yttria wets the graphene and carbon nanotubes suggesting
yttria could be a good dielectric material for fabricating graphene devices10,11. In this section, we
will present the synthesis and characterization of monolayer of yttria deposition on Pt(111).
We chose Pt(111) as a substrate to grow graphene because graphene on Pt(111) behaves
like a free-standing graphene12. Graphene on Pt(111) is similar to the graphene supported on
copper or iridium. Moreover, graphene growth on metals is promising method of growing large
area graphene13 and direct growth of dielectric on top of graphene/metal can be incorporated. In
contrast to copper, monolayer graphene on Pt(111) can be achieved in UHV growth condition
making the Pt(111) a preferred substrate for the fundamental studies of dielectric/graphene/Pt(111)
heterostructures.
4.1.2. Experimental techniques and sample preparation
The experiment was performed in three different UHV chambers with base pressure of
2×10-10 Torr. The first chamber was equipped with a double-pass cylindrical mirror analyzer with
built in electron gun for Auger electron spectroscopy and LEED optics for low energy diffraction.
The second chamber is equipped with an Omicron VT STM and LEED optics. The third chamber
was equipped with five-channel hemispherical electron analyzer (PSP Vacuum Technology) and
a dual anode X-ray source for X-ray photoemission spectroscopy measurements. All three
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chambers were equipped with sample preparation equipment like ion-sputter gun for sample
cleaning, precision leak valves for leaking gases, sample heater, and a tectra GmbH mini electronbeam evaporator. Pt(111) sample was cleaned by repeated cycles of sputtering and annealing. Any
carbon residue in the sample was removed by annealing the sample in oxygen atmosphere at 10 -7
Torr pressure. Graphene was grown on Pt(111) by backfilling the UHV chamber by ethylene at
10-7 Torr pressure. Graphene on Pt(111) exhibits several graphene-domains with different rotationangles. Graphene/Pt(111) sample was used as a substrate to deposit yttria. Yttrium ingot of size ~
6mm was evaporated by using the mini e-beam evaporator. The yttrium ingot was supported on a
molybdenum rod surrounded by water cooled copper shroud. The yttrium was deposited on the
graphene/Pt(111) at room temperature by back filling the UHV chamber with oxygen at 10-7 Torr
pressure. Subsequently, yttria/graphene/Pt(111) sample was annealed to desired temperature.
4.1.3. Results and discussion
Monolayer of graphene synthesized on Pt(111) exhibit different graphene domains with
different rotational angles. Figure 4.1(a) shows a large scale STM image of graphene on Pt(111).
The image is mostly covered by a single graphene domain except at the lower right corner of the
image, where we can observe graphene with different rotational domain. The hexagonal structure
observed in Figure 4.1 (a) is due to the moiré structure. Moiré structures are formed due to the
lattice mismatch between Pt(111) and graphene. Different moiré structures are observed for
graphene on Pt(111)14-16 depending on the rotational alignment between Pt(111) and graphene.
Figure 4.1(b) shows high resolution STM image of graphene on Pt(111). The high resolution
image depicts that the graphene honeycomb structure is superimposed with the moiré structure.
The LEED pattern of graphene/Pt(111) sample is presented in Figure 4.1(c). In addition to Pt(111)
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1×1 spots, we can observe segments of ring in the LEED image. The segmented rings in the LEED
image suggests that the different rotational alignments of graphene are possible.

Figure 4.1: STM and LEED image of graphene on Pt(111). (a) Large scale STM image of graphene on Pt(111). (b)
High resolution STM image of graphene on Pt(111). (c) LEED pattern of graphene/Pt(111) sample. STM imaging
conditions: (a) Vbias = 0.15 V, It = 1.8 nA; (b) Vbias = 0.05 V, It = 2 nA. Figure reproduced form Ref.17. © 2013, Nature
Publishing Group.

Figure 4.2 (a) shows an STM image after monolayer of yttria deposition on
graphene/Pt(111) at room temperature. The image depicts that the yttria films is uniform, pinholefree, and conformal. When the yttria film is annealed at elevated temperature, ordering in the yttria
film is observed. Figure 4.2 (b) shows an STM image after annealing the yttria film at 550 oC. For
yttria/graphene/Pt(111) sample, we only observe the LEED pattern of graphene on Pt(111) same
as in Figure 4.1 (c), suggesting the graphene remains intact after monolayer of yttria deposition on
graphene/Pt(111) sample. The yttria LEED spots are too weak to be detected by our experimental
setup.
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Figure 4.2: STM images of yttria on graphene/Pt(111). STM image of monolayer of yttria film deposited on
graphene/Pt(111) at room temperature. (b) STM image of the yttria film after annealing to 550 oC. The size of both
images is 100 nm × 100 nm. Figure reproduced form Ref. 17. © 2013, Nature Publishing Group.

The uniform growth of monolayer of yttria on graphene/Pt(111) was further verified by
Auger electron spectroscopy measurements. Figure 4.3 shows the AES O/C and O/Pt ratios for
increasing yttria deposition and graphene/Pt(111) and subsequent annealing to 600 oC. The
attenuation of platinum and carbon signal are identical suggesting the yttria grows by layer fashion
on graphene/Pt(111). The AES survey before and after monolayer of yttria deposition on
graphene/Pt(111) are shown in Figure 4.4 (a) and (b) respectively. We can see that the AES carbon
peak retains its characteristics peak throughout the monolayer yttria deposition process, even after
annealing yttria/graphene/Pt(111) sample 750 oC. This suggests that the yttria film is thermally
stable on graphene/Pt(111) and graphene remains intact throughout the experiment.
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Figure 4.3: AES O/C and O/Pt ratios for increasing yttria deposition on graphene/Pt(111) and subsequent to annealing
to 600 oC. (a) Absolute AES O/C and O/Pt ratios. (b) Normalized AES O/C and O/Pt ratios. Figure reproduced form
Ref.17. © 2013, The Nature Publishing Group.

The chemical identity of the yttria was confirmed from the X-ray photoemission
spectroscopy measurements. Y-3d5/2 and O-1s peaks are observed at 158.8 eV and 530.7 eV
respectively (Y-3d5/2 and O-1s peaks are not presented here). These binding energies are consistent
with an yttria film18. Figure 4.4 (c) shows the C-1s core-level before and after yttria deposition on
graphene/Pt(111). It is evident from the Figure 4.4 (c) that the line shape of carbon remains
unaltered after yttria deposition on graphene/Pt(111) suggesting graphene remains intact. There is
not any indication of C-O bond or carbide formation. More importantly, we observe a rigid shift
of C-1s core-level by ~ 0.6 eV to higher binding energy. The shift in the C-1s core-level by ~0.6
eV can be explained by a shift in the Fermi-level of graphene from p-type charge doped graphene
in graphene/Pt(111) to n-type doped graphene in yttria/graphene/Pt(111). The details of charge
doping of graphene in dielectric/graphene/metal sandwich structure will be discussed in section
4.4 of this chapter.
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Figure 4.4: AES and XPS measurements for the single layer of yttria deposition on graphene/Pt(111). (a) AES survey
for graphene on Pt(111). Inset shows the CKVV line shape of carbon before and after yttria deposition on
graphene/Pt(111). (b) AES survey after yttria deposition on graphene on Pt(111). (c) C-1s core level before and after
yttria deposition on graphene/Pt(111). (d) AES O/C peak ratio as a function of yttria coverage on graphene supported
three metal substrate: Pt(111), Ni(111), and Ir(111). The dotted red line is the calculated AES O/C ratio for simple
two-dimensional growth model. Figure reproduced form Ref. 17. © 2013, Nature Publishing Group.

The crucial observation of this experiment is the formation of uniform, pinhole-free, and
conformal monolayer yttria film on graphene/Pt(111). As the yttria growth is influenced by the
graphene-metal interaction, the yttria growth on other metal supported graphene is expected to be
similar to yttria growth on Pt(111) supported graphene. To test this, monolayer yttria is deposited
on graphene/Ni(111) and graphene/Ir(111) substrate by exactly similar deposition methods that
were used for graphene/Pt. Figure 4.4 (d) shows the evolution of the AES O/C ratio as a function
of yttria deposition time. The evolution of AES O/C ratio for yttria deposition on graphene/Ni(111)
and graphene/Ir(111) are identical to that for graphene on graphene/Pt(111) suggesting same
monolayer yttria growth on graphene/Ni(111) and graphene/Pt(111). Figure 4.4 (d) also depicts
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the observed AES O/C ratios are in excellent agreement with the expected AES O/C ratio
calculated for a simple two-dimensional model.

4.2. Preparation and characterization of Ni(111)/graphene/Y2O3(111)
4.2.1. Introduction
Controlled integration of graphene with other materials is an important challenge for
utilizing graphene in devices or hetero-materials. Here we investigate the formation of a transition
metal Ni/graphene/dielectric sandwich structures. The successful fabrication of quality
heterostructures like this may enable new devices such as magneto-tunneling devices. The
potential advantage of using graphene at the interface between a ferromagnet and a dielectric
tunnel barrier is based, on the one hand, on theoretical prediction that graphene may act as a spinfilter19-21 and thus enhance the tunnel magento resistance of such devices, and on the other hand,
of improving interface chemistry (e.g. oxidation of the ferromagnet) and interface-roughness
between the ferromagnet and the tunnel barrier. Recently a working spin-valve has been
demonstrated22 in a similar heterostructure as studied here. Compared to these previous reports,
we grow extended single crystalline Ni films and instead of an amorphous alumina dielectric layer
we grow high quality crystalline yttria dielectric films. Here we focus on the growth and material
characterization of such heterostructures and compare different synthesis methods, such as
graphene growth in UHV versus tube furnace. Also, we emphasize the broader impacts of this
work beyond the fabrication of potential magneto-tunnel junctions and we highlight throughout
the manuscript importance to the general field of graphene synthesis on metals as well as the very
important field of growth of high k-dielectrics on graphene. The formation of
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metal/graphene/dielectric heterostructures is divided into: (i) growth of suitable metal substrates,
(ii) synthesis of graphene on these substrates, and (iii) growth of the yttria dielectric film.
Graphene growth by chemical vapor deposition has been demonstrated on many metal
substrates13,14,23-27. Growth on copper foil at high temperatures (close to the melting temperature
of copper) using methane as the carbon precursor in a tube furnace has become a very promising
approach for large-scale graphene synthesis28,29. Copper has the advantage of exhibiting very low
carbon solubility in the bulk, which minimizes carbon precipitation and thus multilayer graphene
formation during cool down. Thus graphene growth is mostly limited to a single atomic layer.
Furthermore weak interaction between graphene and copper enables graphene to grow across grain
boundaries in copper foils easily. This enables growth of large single crystalline graphene grains
on polycrystalline copper29. In contrast metals that interact more strongly with graphene, for
example Ru or Ni, have the tendency to grow graphene with a strict crystallographic relationship
with respect to the metal substrate in UHV growth13. Therefore, to obtain large single crystalline
graphene domains, grain boundaries in the nickel should be avoided. If grown on a single
crystalline Ni substrate separate graphene domains have the potential of joining together to a single
crystalline graphene grain.
The growth of graphene on single crystal metals by surface science methods in UHV are
well documented13. The Ni(111) surface has a very good lattice match with graphene and this
results in the formation of coherently matched graphene with a 1×1 layer when grown in UHV30,31.
This implies that the graphene forms a close to monocrystalline grain across the entire singlecrystal substrate. For most applications of graphene, the metal-substrate it is grown on needs to
be removed. This is usually achieved by chemically dissolving the metal. Obviously, single crystal
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metals are not economical for such a process and alternative methods need to be used. The growth
of epitaxial, monocrystalline metal films is such an approach. This has been demonstrated for Rufilms on Al2O332 and Ni-films on MgO33 and Al2O3(0001)34. Here we investigate and characterize
the growth of Ni-films on Al2O3(0001) and yttria stabilized zirconia (YSZ) (111) substrates. For
applications in spin-valves the graphene may remain on the ferromagnetic Ni-film and thus the
growth of graphene on the Ni-film is the first step for the proposed spin-valve structure. The next
step is to deposit a dielectric tunnel junction on the graphene/Ni layer. The final step would be to
deposit the second ferromagnetic metal on top. This final trivial step is not discussed here.
Growth of dielectric materials, and oxides in general, on graphene and/or graphite(HOPG)
is thought to be challenging5,35,36. We recently demonstrated that yttria monolayers wet graphene17
and thus yttria may be an ideal dielectric for graphene devices. This is in agreement with previous
use of yttria for graphene or carbon nanotube device structures10,37. It is worth pointing out that
yttria may not be unique in this property of wetting sp2 carbon as recent reports for europium oxide
growth on graphite showed38. In this manuscript we extend our previous work on yttria-growth on
graphene by growing several nanometer thick yttria films on monolayer and multilayer graphene.
4.2.2. Experimental techniques and sample preparation
All the Ni-films were UHV chamber with a base pressure at 10-10 Torr. The UHV chamber
was equipped AES and a LEED optics. The description of the AES chamber is presented in section
3.1.2 of the chapter 3. The oxide substrates were mounted on a Ta-plate that was heated by a direct
current heater. The substrates used were 0.5 mm thick and 5×5mm2 epi-polished YSZ (111) and
Alumina (0001) commercial single crystals. Prior to Ni-deposition the YSZ and Alumina samples
were cleaned by annealing in 10-6 Torr O2 at 600 oC for 1hour to burn-off carbon. Nickel was
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deposited on YSZ (111) or Alumina (0001) substrate with the sample at various temperatures as
indicated in the text. The sample temperature was measured with a thermocouple spot-welded on
the heated Ta-support plate. Nickel was evaporated in a water-cooled mini e-beam evaporator from
a 2 mm diameter high purity Nickel wire. Subsequently, Ni-films were post-growth annealed in
UHV to temperatures indicated in the text. Such prepared nickel films were then used as substrates
for graphene synthesis by chemical vapor deposition either in the UHV chamber or ex-situ in a
tube furnace. In UHV, graphene was grown on the nickel film by exposure to 10-8 to 10-5 Torr
ethylene (C2H4) at sample temperatures noted in the text. This preparation is similar to our previous
work on bulk single crystal Ni(111) substrates39. However, as reported previously, thin Ni-films
enable us to grow at higher temperatures then on bulk Ni samples40. This has been attributed to a
saturation of the Ni-film with carbon and an associated shift of the graphene stability to higher
temperatures13,41.
For tube furnace growth, the UHV-grown Ni-film was transported through air and cleaned
in the tube furnace by annealing in hydrogen. The tube-furnace was evacuated using a mechanicalpump to a base pressure of 6×10-2 Torr. Graphene was grown at various temperatures using a
methane (CH4) and H2 mixture with a ratio of ~11:1 and a total pressure of 6 Torr. The usual dwell
time at the target temperature was 20 min and heat up and cool down temperature ramps of
15K/min and 10K/min were used, respectively.
The graphene terminated Ni-films were used as substrates for growth of Y2O3 dielectric
films in the UHV chamber. Graphene samples exposed to air were cleaned in UHV by annealing
to 500 oC. No contamination, especially no oxygen, could be detected by AES after UHV
annealing. Subsequently, yttria was grown by the method explained in section 4.1.2. The substrate
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temperature during yttrium deposition is given in the text, yttrium deposition rates were estimated
from AES and transmission electron microscopy data to ~0.2 nm/min.
In addition to in-situ LEED and AES the samples were characterized ex-situ by atomic
force microscopy (AFM) with a XE-70 Park Scientific Instrument, scanning electron microscopy
(SEM) using a JEOL JSM-6390LV, and x-ray diffraction (XRD) using a Bruker AXS D8 Focus
Diffractometer. X-ray photoemission spectroscopy (XPS) and x-ray photoelectron diffraction
(XPD) on the yttria films was performed in another UHV chamber after transporting the samples
through air. The instrument used for XPS/XPD is a home built UHV chamber with a dual anode
Al/Mg x-ray source and a hemispherical electron energy analyzer. The sample was held inside the
vacuum chamber by a stepper motor controlled manipulator that allowed azimuthal and polar
rotation of the sample for monitoring angle dependent photoemission peak intensities. The
integrated Y-3d5/2 peak intensity plotted versus polar angle have been measured after subtraction
of a Shirley background. In addition to the measurements at USF, two samples were analyzed by
transmission electron microscopy (TEM) at the Center for Functional Nanomaterials at
Brookhaven National Lab using a JEOL JEM 2100. These samples were complete heterostructures
and thus allowed us to characterize all the interfaces and film structures.
4.2.3. Sample preparation and characterization
In the following we characterize the samples after each of the preparation steps, i.e. firstly,
we investigate the growth of Ni-films on YSZ(111) and Al2O3(0001); secondly, we compare
graphene synthesis in UHV (using ethylene as precursor) versus tube furnace (using methane as
precursor) and as a function of processing temperature; and finally we characterize the growth of
thin yttria layers on Ni-supported graphene.
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4.2.3.1. Preparation of epitaxial Ni films on YSZ(111) and Al2O3(0001)
Figure 4.5 shows AFM images of nickel films deposited on YSZ (111) and Al2O3 (0001)
at different growth conditions. Unless otherwise specified, all the samples were annealed in UHV
at ~800 oC for 1 hour after nickel deposition to enhance the crystalline quality. Figure 4.5 (a) - (c)
show the evolution of the surface morphology with increasing film thickness for 15 nm, 100 nm,
and 300 nm thick Ni-films on the YSZ(111) substrate deposited at 550 oC. For all samples (111)
oriented Ni clusters are formed. With increasing film thickness the clusters coalesce to form larger
islands, however even for the maximum film thicknesses explored in this study no contiguous Nifilm was obtained. In order to achieve a uniformly covered surface we increase the initial
nucleation density of Ni-islands by lowering the growth temperature for the first 100 nm to 300
o

C and subsequently grow another 200 nm at 550 oC on top. This results in a Ni-film that covers

the YSZ substrate completely, as shown in Figure 4.5(d). Also, the LEED pattern shown as an
inset in Figure 4.5(d) indicates that the film is in registry to the hexagonal YSZ(111) surface. The
AFM line scan, shown in Figure 4.5(e) reveals that the surface is fairly flat with only 4 nm height
variations over a lateral length of 10μm. In addition to step bunches of ~ 2nm height the terraces
are crisscrossed with straight steps intersecting at 60° angles. These are slip bands of dislocations
emerging at the surface and causing the observed atomic steps. The motion of these dislocations
is due to plastic deformation of the film as a consequence of thermal stresses during cool down of
the samples. Similar slip bands are also seen for continuous Ni-films on Al2O3 substrates that are
discussed next.
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Figure 4.5: AFM images (image sizes 10 µm × 10 µm) showing the morphology of Ni-films on YSZ(111) (a)-(e) and
Al2O3(0001) (f)-(j). XRD rocking curves for the Ni(111) peak for 300 nm films on the two substrates are shown in
(k). All the Ni-films were post growth annealed at 800 oC for 1 hour unless otherwise stated. (a), (b) and (c) shows
morphology of 15 nm, 100 nm and 300 nm of Ni-film deposited on YSZ at 550 oC, respectively. The surface
morphology of a Ni-film on YSZ grown by depositing100 nm at 300 oC plus an additional 200 nm deposited at 550
o
C is shown in (d). The inset in (d) shows the LEED pattern of the Ni-film. The AFM line scan indicated by the redline in (d) is shown in (e). The resulting surface morphology of 300nm Ni-film deposited on Al2O3 with similar
growth condition as for YSZ in (d) is shown in (f). The inset shows the LEED image of the Ni-film indicating two 30o
rotated variants of the Ni-film. AFM image of 300nm of Ni-film deposited on Al2O3 at 650 oC is shown in (g) with its
LEED pattern shown in the inset. Only a single hexagonal diffraction pattern is observed. The surface morphology of
a Ni-film on Al2O3 grown by depositing 50nm at 650 oC plus 250 nm deposited at 500 oC is shown in (h). The inset
shows the large scale SEM image of Ni-film. (i) shows the surface morphology of a Ni-film obtained after covering
it with a Ta-foil and annealing to 900 oC. The AFM line scan indicated by the red line in (i) is shown in (j).

Al2O3(sapphire)(0001) has been used as a successful substrate for growth of other single
crystalline metal films32,34. Using the same procedure as for YSZ(111), i.e. deposition of 100 nm
of nickel film at 300 oC and subsequently another 200 nm of Ni-film at 550 oC on top, did, however,
result in a nonuniform surface morphology as indicated in the AFM image in Figure 4.5 (f). Also
the LEED pattern exhibited two orientations of (111) oriented Ni with a 30° in-plane rotation
relative to each other. This indicates that at low growth temperatures Ni nucleates and grows with
two possible pseudo-epitaxial relationships on Al2O3(0001). A single orientation of the Ni(111)film with respect to the alumina substrate can be achieved, by growing at high temperatures (650
o

C). As is shown in the inset of Figure 4.5(g), under high temperature growth conditions a Ni(111)
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film exhibits a single 1×1 LEED pattern. However, as the AFM image in Figure 4.5(g) shows,
deep holes remain in the Ni-film. Annealing the Ni-film to higher temperature does not change the
morphology of the Ni-film significantly. We believe that the large holes form because of a high
mobility of Ni atoms deposited at the high temperature and a tendency of de-wetting of the alumina
substrate. Therefore, we explored the possibility of, (i) nucleating Ni films at high temperatures to
ensure single orientation of Ni-islands with respect to the alumina substrate, and (ii) deposit Ni at
a lower temperature (500 °C) to reduce mobility and thus reduce the formation of holes in the film.
The resulting film for a 50 nm high temperature ‘seed-layer’ plus a 250 nm Ni film grown at 500
o

C is shown in Figure 4.5 (h). Clearly, the size, depth and density of the holes have been

dramatically reduced, but have not entirely disappeared. Nevertheless, this result shows that the
basic strategy is working and growth of even thicker films may result in a flat surface. Another
method to flatten the film without increasing the film thickness is by covering the Ni-film with a
Ta-foil (by removing it from the UHV chamber and re-introducing it) and then annealing it in
UHV to 900 oC. This causes a very flat surface, as the AFM image in Figure 4.5(i) and its
corresponding line scan in Figure 4.5(j) show. It is important to point out that the Ni-film on
alumina is unstable at 900 oC if the film is annealed without covering it with a tantalum foil. We
speculate that the tantalum foil prevents vaporizing the Ni and/or causes re-depositing of vaporized
Ni onto the substrate. Recently, growth of good quality Ni(111)-films on Al2O3(0001) were also
reported by utilizing a ‘seed layer’ of alumina before Ni deposition34.
To further characterize the Ni-films on YSZ and alumina we carried out x-ray diffraction.
Only Ni(111) peaks are observed in the XRD spectra. Figure 4.5(k) shows the rocking curves of
the Ni(111) peaks. The larger full width at half maximum (FWHM) of the rocking curve of the Nifilm on YSZ (111) than on alumina (0001) of 0.31o and 0.25o respectively suggests a slightly larger
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variation of a tilt-angles of Ni(111) planes parallel to the substrate. Finally, TEM analysis of the
Ni-films and selected area diffraction indicates that the Ni-films on alumina are not perfectly single
crystalline but rather exhibit a high density of twinning. Less twining is observed for Ni films on
YSZ(111).
Concluding the comparison of Ni-film growth on YSZ(111) with Al2O3(0001) we note that
while it is advantageous to grow a seed layer on YSZ at lower temperatures to obtain a higher
density of nuclei and consequently facilitate the formation of a contiguous Ni-film, on
Al2O3(0001), a Ni seed layer should be grown at high temperatures to ensure that the graphene
nuclei have a single orientation relative to the alumina substrate and thus allow the growth of a
single crystalline film. Covering the surface with a refractory metal foil allows annealing to higher
temperatures (900 °C in this work) in vacuum and this significantly reduced the surface roughness.
4.2.3.2. Graphene synthesis on Ni-films
We compare graphene growth on the Ni films in UHV, using ethylene as a carbon
precursor, with graphene synthesis in a tube furnace, using methane as the carbon precursor in an
H2/CH4 mixture at 6 Torr pressure.
We previously reported40 that graphene grown in UHV (ethylene pressure between 5×108

-10-5 Torr) and growth temperatures between 550-650 °C results in monolayer graphene with the

graphene in registry to the Ni(111) film, i.e. it forms a 1×1 graphene adlayer. This is identical to
the many reports for graphene growth on Ni(111) single crystals30,31,39. Growth at temperatures
above 650°C, however, resulted in the formation of rotated graphene, with a preferential rotational
angle of 17° relative to the Ni(111) crystal40. It has been noted that these high growth temperatures
are not achievable on bulk Ni-single crystals in UHV because carbon can dissolve into the close
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to infinite bulk (typical single crystals are of the order of 1 mm thick). For the thin films, on the
other hand, the film can be saturated with carbon and this allows graphene to be grown at a higher
temperature. This is due to the fact that the graphene stability temperature is higher if a significant
amount of carbon is present in the crystal than it is on pure Ni41. On pure Ni we determined
graphene to be stable up to ~ 600 °C26,39.
For the UHV grown monolayer graphene we measure a C/Ni peak-ratio in AES of ~1.45,
which corresponds to monolayer graphene on Ni(111)26. As also discussed in the previous
communication40 for graphene grown above 650 oC where (partially) rotated graphene is formed,
second layer graphene or bilayer graphene is readily formed underneath of rotated graphene
domains by carbon precipitation during cooling of the sample. In these cases we measure a C/Ni
peak ratio of ~ 2 in AES. To sum up, for graphene growth in UHV on 300 nm Ni-films we obtain
1×1 monolayer graphene at or below 600 °C and rotated graphene with some bilayer formation
above 650°C growth temperatures. This has been reported already40.
If grown in a tube furnace using methane we do not obtain graphene below 750 °C. This is
likely due to the lower activity of methane compared to ethylene. Figure 4.6(a) shows the SEM
image of the graphene grown at 900 oC. The different contrast in the SEM image corresponds to
the different number of layers of graphene, which implies that the graphene is non-uniform in
thickness as has been reported for graphene growth on polycrystalline Ni-foil42. Figure 4.7(a)
shows AES spectra of the sample. Even though the sample was transported through air, it is free
of oxygen indicating the excellent protection of the Ni-surface by the graphene. The AES C/Ni
peak ratio is measured to 5.65, which is much higher than ML graphene. Figure 4.6(c) shows an
AFM image of graphene corresponding to region 1 in the SEM image. The large ridges are
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wrinkles in the graphene sheet and a consequence of the difference in thermal expansion between
the nickel substrate and the graphene. These wrinkles are mainly observed in regions of thick
multilayer graphene. TEM images, shown in Figure 4.6(b), acquired in the relatively darker
regions in the SEM images show that the graphene in these regions is indeed more than 10 layers
thick. Figure 4.6(d) shows the AFM image of the graphene corresponding to region 2 in the SEM
image. The AFM image is free of wrinkles. The TEM image in Figure 4.6(e) implies that the
graphene on those relatively brighter regions is 5 layers or less. Although the graphene grown on
monocrystalline Ni-film at higher temperature in the tube furnace is inhomogeneous multilayer
graphene, the graphene has a preferred orientation with respect to the Ni(111) substrate. This is
evident from the LEED pattern shown in Figure 4.7(b). This LEED pattern of the graphene film
exhibits short arcs at ~14° to the left and right of the of 1×1 substrates primary spots. For random
oriented graphene on Ni(111) a full circle would be expected in the diffraction pattern. The ~14°
rotation angle is close to the predominantly 17° rotation observed for graphene grown at high
temperatures in UHV. This indicates that there is a preferential orientation of graphene on Ni(111)
regardless of the growth conditions.
Reducing the growth temperature in the tube furnace decreases the amount of graphene at
the surface drastically. Figure 4.7(c) shows the AES of the graphene grown at 800 oC. We observe
an AES C/Ni peak ratio of ~ 1.95, which is still higher than that for monolayer graphene on nickel
but similar to the ratio measured for UHV grown samples above 650 °C. Also note the absence of
oxygen in the AES spectra indicating the entire sample was protected by graphene. In agreement
with the lower C/Ni ratio we did not observe any wrinkles in AFM images and the SEM images
only exhibited regions similar to region 2 in the Figure 4.6(a). Furthermore, the LEED pattern,
shown in Figure 4.7(d), is similar to that of graphene grown on Ni-film in UHV40. These
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observations imply that graphene grown at 800°C in the tube furnace is similar to that grown in
UHV at 650 °C and which exhibits a mixture of mono- and bilayer graphene.

Figure 4.6: SEM, AFM and TEM images of graphene on Ni-films grown in a tube furnace. (a) SEM image of multilayer non-uniform graphene grown on Ni-film at 900 oC in the quartz furnace using CH4 and H2 with a ratio of 11:1
and a total pressure of 6 Torr. (b) TEM image corresponding to the region 1 in the SEM image, more than 10 graphene
layers are present in these regions. (c) AFM images of the graphene corresponding to the region 2 in the SEM image.
(d) AFM image corresponding to the regions 2 in the SEM image. (e) TEM image corresponding to the region 2 in
the SEM image, less than 5 graphene layers are present in these regions.
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Figure 4.7: AES spectra and LEED pattern of graphene grown in a tube furnace. (a) AES of the sample prepared at
900 °C (corresponding to Figure 4.6). The large C/Ni peak ratio of 5.65 agrees with the surface being covered by
regions with layers of graphene. The LEED pattern of this sample indicates a preferential orientation of the graphene
with respect to the Ni(111) substrate. A preferential rotation of the graphene lattice by ~14° is measured. (c) and (d)
show data for a sample prepared at 800 °C in a tube furnace. The AES C/Ni peak ratio corresponds to mono or bilayer
graphene. The LEED pattern also shows a preferential rotation of the graphene by ~17° relative to the Ni-substrate.
The AES and LEED data shown in (c) and (d) are similar to the data obtained for previously reported graphene grown
in UHV at 650 °C on the same kind of Ni-film substrate.

Thus we can conclude that at high temperatures (900°C) graphene grows by carbon
precipitation from the bulk similar to observations on polycrystalline Ni-films25,42,43. Interestingly,
at growth temperatures around 800 °C there exist strong similarities in the post-growth sample
characteristics to graphene grown in UHV at above 650 °C. For the UHV grown samples we have
reported in-situ low energy electron microscopy (LEEM) studies40. From these studies it was
apparent that graphene grew in a layer growth mode (similar to that on copper) until the surface
was covered. Second layer graphene formed subsequently during sample cooling by carbonprecipitation from the nickel-bulk. Thus we may speculate that a similar growth scenario is
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achieved in the tube furnace on a single crystalline Ni-film at 800 °C. A complete graphene layer
at the surface would effectively deactivate methane decomposition and therefore the growth would
be self-terminating, which may explain the formation of fairly thin (mono to bilayer) graphene
only.
4.2.3.3. Yttria growth
The graphene/Ni-film samples were used as substrates for yttria growth. Growth of
monolayer yttria on graphene has been previously reported by us17. In this study, we characterize
yttria films that are several nanometer thick and may act as a dielectric or tunnel barrier in spinvalve devices. Important for tunnel barriers is a fairly uniform film thickness and homogenous
film morphology. Especially pin-holes in the dielectric film have to be avoided. Furthermore, a
monocrystal structure of the tunnel barrier may be advantageous as has been suggested to be the
case for MgO tunnel barriers44,45 compared to amorphous alumina. Growth of high quality
dielectric films on graphene has been thought to be challenging. Yttria has shown some promising
properties as a dielectric for sp2 carbon materials10,37 and our characterization shown here support
the promising properties of yttria.
Figure 4.8(a) shows a large scale AFM image of ~10 nm thick yttria film grown on
monolayer graphene/Ni-film. The yttria was deposited at room temperature and subsequently
annealed to 500 oC. The underlying step structure of the Ni/graphene substrate is still clearly visible
indicating the uniform covering of the surface with yttria. No clustering or formation of pin-holes
in the yttria film is observed. In smaller scale AFM images such as shown in Figure 4.8(b) exhibit
height variations that may correspond to atomically flat yttria terraces of ~10 nm width separated
by monatomic steps. The RMS roughness measured from the AFM images of this surface is ~ 0.34
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nm. To illustrate that the good wetting behavior is not particular to the graphene/Ni system but is
universal for sp2 carbon we deposited yttria also on HOPG. It is important that the HOPG sample
is thoroughly outgassed prior to yttria growth, otherwise decoration of step edges and formation
of clusters is observed. Figure 4.8(c) shows a high resolution AFM image of the morphology of a
~10nm yttria-film deposited on HOPG at room temperature. The RMS roughness of the film is
0.31 nm, i.e. comparable to the roughness on graphene/Ni.

Figure 4.8: AFM images and line scans of a 10 nm of yttria film grown on ML graphene on Ni or HOPG. (a) shows
a large scale AFM image (20µm×20µm) of yttria on ML graphene on Ni-film. The yttria was deposited at room
temperature and post growth annealed to 500 oC. The underlying morphology of the Ni-film is clearly visible
indicating the uniform covering of the surface by the yttria film. A higher resolution AFM image (500nm×500nm) of
the yttria film in (a) is shown in (b). RMS roughness of the yttria film shown in (b) is 0.34nm. An AFM image (500
nm × 500 nm) of yttria deposited at room temperature on HOPG is shown in (c). This film exhibits a RMS roughness
of 0.31nm. Yttria films deposited at 600 oC on monolayer graphene on Ni, exhibit a larger surface roughness as shown
by the AFM image (500 nm × 500 nm) in (d). The RMS roughness of the yttria film in (d) is ~1 nm.
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To assess the role of growth temperature on the yttria surface morphology we also grew 10
nm yttria films at 600 °C substrate temperature. The AFM image in Figure 4.8(d) shows that the
yttria film deposited at elevated temperature is significantly rougher, indicating that room
temperature growth and subsequent annealing results in better quality films.
In order to investigate the crystalline order of the yttria film we performed LEED on a ~ 1
nm film and XPD experiments on a ~ 5 nm thick film. In LEED, the annealed yttria film on
monolayer graphene/Ni(111) exhibit very faint, diffuse hexagonal diffraction pattern at low
electron energies (30 eV) as shown in Figure 4.9(a). The LEED spots of the yttria film are aligned
with the diffraction spots of the 1×1 graphene/Ni(111) substrate (acquired with 60 eV electron
energy) as shown in Figure 4.9(b). This indicates that the yttria film is (111) oriented and
azimuthally aligned with the graphene substrate. The large unit cell of yttria make it difficult to
obtain well ordered LEED patterns even if grown as well-ordered ultrathin films on metals18,
therefore even a faint LEED pattern is clear indication of crystalline order. In contrast to LEED,
which is sensitive to only a few the topmost atomic layers, XPD is probing the crystalline order in
the topmost ~ 5 nm of the film. XPD exploits diffraction of photoemitted electrons by neighboring
atoms46. If the sample is well ordered, the diffraction of the photoelectrons will give rise to
intensity variations of the photoemission core-level intensities for different emission angles
relative to the surface orientation. Figure 4.9(c) shows the Y-3d5/2 core-level intensity monitored
for different polar angle along the [1-10] azimuthal direction of the Ni(111) substrate for ~5 nm of
yttria on monolayer graphene/Ni(111). The variations of the intensity is a clear indication of the
crystalline order in the film. The complex crystal structure of Y2O3 makes an unambiguous
assignment of the intensity peaks difficult. At the kinetic energies of the photoelectrons used here
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(excitation with Mg-Kα radiation) the expected peak positions can be estimated by a simple
forward focusing approximation. Figure 4.9(d) shows the Y2O3 crystal structure in a (111)
orientation and the directions for measured photoelectron diffraction maxima are indicated. These
directions agree reasonably well with direction expected in a forward focusing approximation.

Figure 4.9: Characterization of yttria films on graphene/Ni(111). For thin yttria films (~1 nm) annealed to 500°C a
diffuse LEED pattern of the yttria film can be observed. In (a) a Y 2O3(111) LEED pattern taken with 30eV beam
energy is shown. The diffuse hexagonal pattern corresponds to the large Y2O3(111) unit cell. For comparison the
substrate Ni(111) LEED pattern is shown in (b) for 60eV beam energy. It is apparent that the two hexagonal patterns
are rotationally aligned. X-ray photoelectron diffraction data of ~ 5nm thick Y2O3 film is shown in (c). The variation
of the Y-3d5/2 core-level intensity as a function of polar emission angle along the [1-10] azimuth of the Ni-substrate
is plotted. This is compared to a cross-sectional view of the yttria crystal structure in (d), with the polar angles indicated
at which photoemission intensity maxima are observed. The variation of the intensity in XPD indicates the crystalline
ordering of the film with a (111) surface orientation. The ordering of the yttria film is also confirmed by cross-sectional
TEM shown in (e) and (f). The low-magnification bright-field TEM image of alumina/Ni-film/monolayer
graphene/Y2O3 shown in (e) indicates the uniformity of the yttria film. In the high resolution image in (f) the atomic
(111) planes of the yttria film are clearly visible with the (111) planes parallel to the substrate.

TEM characterization was done on yttria films grown on monolayer graphene as well as
tube-furnace grown multilayer graphene samples. In either case the yttria film was deposited at
room temperature and subsequently annealed in UHV to 500 oC. Large scale TEM characterization
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as shown in Figure 4.9(e) reveals that the yttria layer covers the surface uniformly without any
indication of pin-holes in agreement with AFM images. Yttria films of ~10 nm thickness exhibit
(111) orientation of the film as can be seen from the atomic planes in high-resolution TEM images
shown in Figure 4.9(f). For thicker yttria films (>10nm) the film becomes polycrystalline,
presumably because of many crystallization centers in the film. However, this may not be
significant because thicker dielectric layers than 10 nm are not required for most applications. In
fact for tunnel devices dielectric layers of a couple of nanometers are important.
Thus our studies of yttria on Ni supported graphene show that films with good uniformity
and (111) orientation can be grown. The investigation of the use of these dielectric films in
nickel/graphene/yttria/cobalt magento-tunnel junctions currently initiated.

4.3. Seeding atomic layer deposition of alumina on graphene with yttria
4.3.1. Introduction
Deposition of high quality high-κ dielectrics on graphene is required for isolating top-gates
in graphene field-effect devices. For better performance of field-effect transistors (FETs), these
dielectric thin films should be ultrathin, conformal, and pinhole-free with minimal disorder or traps
at the dielectric-graphene interface. Atomic layer deposition (ALD) is a preferred technique for
achieving high-quality, conformal, ultra-thin dielectric films with precise thickness control while
preventing physical damage to the interface by energetic particles. However, the low surface
energy of graphene basal planes does not provide appropriate nucleation sites for the ALD
precursors, whereas step edges of graphene are selectively decorated by ALD. To address this
issue, either graphene has been either modified (for example, by fluorine4 or physisorbed ozone6),
or seed layers (organic5 or inorganic7,8) have been grown on top of graphene before the growth of
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metal-oxide dielectric materials. Surface modification of graphene may lead to degradation of its
electronic properties due to damages in graphene2 whereas seed layers increase the thickness and
reduce the effective κ value of the gate dielectric resulting in an overall decrease in capacitance5.
Numerous high-κ dielectric materials, including alumina (Al2O3), have been investigated
as potential dielectrics for graphene-devices5-7,47. Several intrinsic properties of alumina make it
the preferred candidate for the gate dielectric material in graphene FETs. First, the high dielectric
constant of alumina (κ = 10) allows device operation at a higher electric field, taking advantage of
the high breakdown field. Second, the large bandgap of alumina (Eg = 7 eV) relative to other highκ dielectric materials enables adequate barrier heights at the interface. However, the deposition of
high quality alumina on graphene remains a challenge.
We demonstrated that yttria (Y2O3) monolayers wet graphene supported on metal
surfaces48. We also demonstrated that good quality, crystalline yttria films can be grown on top of
metal-supported graphene49. These studies are presented in sections 4.1 and 4.2 of this chapter.
Our finding of the good wetting behavior of yttria on sp2-carbon is in agreement with previous
reports for yttria growth on graphene or carbon nanotube device structures10,37,47. Although yttria
is a high-κ dielectric in its own right, it exhibits only acceptable properties as a crystalline material.
In most applications amorphous dielectrics are preferred in order to obtain uniform properties and
avoid lateral property variations due to difficulty in avoiding crystal-defects.
In this section, we investigate if the superior wetting behavior of yttria on graphene can be
combined with the superior dielectric properties of (amorphous) alumina to make better dielectric
layers. We demonstrate the use of ultrathin yttria layers for seeding the conformal growth of
alumina by ALD. The potential advantage of yttria as seed layers over polymer seed layers is that
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yttira is a high-κ dielectric material and this will not lead to a decrease in the capacitance of the
gate dielectric layer. Also formation of charge trap sites within the dielectric layer should be
reduced in a pure-oxide dielectric. It is worth mentioning that in a related approach hexagonal
boron nitride (h-BN) has been recently used as a buffer layer in deposition of alumina on
graphene9. In that report h-BN was mechanically transferred onto graphene, while our approach is
a direct growth of yttria on graphene. The advantages of our growth-process versus a transfer
process are in the conformity of the grown films and easier scalability of growth-processes.
In this study, we chose CVD-grown graphene transferred to SiO2/Si as a convenient
substrate for the study of dielectric deposition. We have previously shown that yttria deposition
on metal supported graphene48,49 as well as on graphene transferred to SiO237 results in a uniform
and pinhole-free film; this suggests that the graphene substrate material does not affect the wetting
behavior of yttria on graphene significantly and thus the approach described here may be
applicable to other supported graphene systems. As has been shown in the past, CVD-grown
graphene can be successfully transferred to numerous flat substrates like SiO227,42,50. Furthermore,
our group has also transferred CVD-grown graphene to SrTiO351, MoS252, and sulfur-protected
W(110)53 and in all of these studies we could show that a clean interface can be obtained by
annealing in an ultrahigh vacuum (UHV). Here we show by atomic force microscopy (AFM),
transmission electron microscopy (TEM), and low energy ion scattering spectroscopy (ISS) that
the alumina film deposited on a yttria-seed on the graphene/SiO2 sample is uniform, pinhole-free
and conformal. Furthermore, X-ray photoemission spectroscopy (XPS) characterizations indicate
that the graphene is n-type doped when it is supported on the SiO2/Si substrate. Moreover, the ntype doping of graphene is increased by deposition of the low-work function yttria layer.
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4.3.2. Experimental detail
Graphene was prepared by chemical vapor deposition (CVD) growth in a tube furnace on
high purity copper foil. The details of the graphene transfer process is explained in section 2.8.1
in chapter 2. Graphene grown on copper foil is transferred to the SiO2/Si substrate by following
techniques as explained in section 2.8.1 of chapter 2.
Graphene/SiO2 samples were loaded into multichamber UHV system, described in detail
elsewhere54. This system allows sample transfer in UHV to an analysis chamber for XPS and ISS
characterization, to physical vapor deposition (PVD) chamber for yttria deposition, and to an ALD
reactor for alumina deposition. Graphene/SiO2 samples were annealed in UHV at 300 oC for 3
hours prior to yttria deposition. A thin yttria seed layer is deposited on top of the graphene/SiO 2
sample by reactive electron beam deposition of yttrium from a water-cooled electron beam
evaporator in a 10-7 Torr oxygen atmosphere at RT. The complete oxidation and formation of Y2O3
was confirmed by in-situ XPS. For another set of experiments on graphene/SiO2 and highly
ordered pyrolytic graphite (HOPG) samples, the yttria film was deposited in a separate UHV
system (similar growth conditions as in the multichamber UHV system) and yttria growth was
monitored by Auger electron spectroscopy (AES) (AES data are not presented). These samples
were then transported through air and loaded into the multi-chamber UHV system for ALD-growth
of alumina and further XPS characterization. The results for the ex-situ prepared yttria films were
identical to those of in-situ grown yttria, suggesting that the yttria is quite stable under
environmental exposure. Alumina was deposited on the yttria covered graphene/SiO2 sample in a
Picosun SUNALETM ALD reactor at 300 oC using trimethylaluminum (TMA) and water
precursors. A single ALD cycle corresponds to the following precursor exposure sequence: TMA
0.1s → N2 4s → H2O 0.1s → N2 4s. Graphene/SiO2, yttria/graphene/SiO2, and
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alumina/yttria/graphene/SiO2 samples were characterized in-situ by XPS and ISS and ex-situ by
AFM and TEM. The thickness of the alumina and yttria films on the graphene/SiO2 samples were
measured by TEM. For some samples, the thicknesses of the alumina and yttria films were
estimated by comparing the time of deposition (keeping all the deposition conditions the same)
with TEM-calibration measurements.
XPS spectra were collected using a monochromatic Al Kα X-ray (hv= 1486.7 eV) source
and Omicron EA125 hemispherical analyzer. All the spectra were measured at 45 o emission with
a 15 eV analyzer pass energy. The C-1s core-level was modeled by fitting it with a Doniach-Sunjic
peak shape to accommodate for the typical asymmetric line shape of sp2 carbon. The graphene sp2
components of the post-transfer C-1s spectra were fitted with a full width at half maximum
(FWHM) of 0.71 eV, based on previously reported results produced on the same XPS system for
the C-1s spectrum of graphene on Cu prior to transfer50. Potential charging of the sample during
XPS measurements was compensated for by keeping the Si-2p core-level peak fixed to the value
before any oxide deposition.
In ISS, the kinetic energy of the scattered He+ ions was detected with the same energy
analyzer as that for XPS with reversed voltages. The primary energy of the He+ ions was 1000 eV
and the scattering angle between a fine focused ion gun and the detector was 37°. A typical
spectrum was acquired in 5 min. Due to a small fluorine contamination in the ALD system, we
always observe a minor F-peak in the ISS spectrum.
4.3.3. Results and Discussion
Prior to alumina deposition, we have performed ex-situ characterization of the seed layer
morphology by AFM. Figure 4.10(a) shows an AFM image recorded on ~1.5 nm yttria film
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deposited on a graphene/SiO2 sample. The morphology of the yttria film is uniform and there is
no indication of cluster formation. The good wetting behavior of yttria is not particular to graphene
but is universal for sp2 carbon49. To illustrate good wetting behavior of yttria for all sp2 carbon, we
also deposited ~1.5 nm of yttria film on HOPG. It is important to note that the HOPG sample
should be thoroughly outgassed prior to yttria growth; otherwise nonuniform yttria films are
obtained. Figure 4.10(b-d) show AFM images measured on the room temperature deposited yttria
film on HOPG samples outgassed in UHV at 400 oC, 500 oC, and 700 oC, respectively. It is
apparent that the surface morphology of the yttria film deposited on HOPG outgassed at 700 oC is
very smooth. In comparison the yttria films deposited on HOPG outgassed at low temperatures
(400 °C and 500 °C) exhibit clustering and a tendency to decorate step edges of HOPG. For other
high-κ dielectric materials such as alumina and hafnium oxide (HfO2) deposited on bare graphene
or graphite, patchy and discontinuous surface morphologies have been reported 55. Thus our results
for yttria indicate quite favorable growth on sp2 carbon. Although the reason behind the much
better wetting behavior of yttria compared to other traditional high-κ dielectric materials is not
understood, it is worth mentioning that yttria is not a unique metal oxide in terms of wetting sp 2
carbon. For instance recent reports show that europium oxide growth on graphite also exhibit a
wetting of the graphite surface38.
Yttria covered graphene/SiO2 samples were subsequently used as substrates for the growth
of alumina by ALD. Figure 4.11(a) shows an AFM image measured after depositing 50 cycles
(~3.5 nm) of alumina. The root-mean-square (rms) roughness of selected areas (excluding
graphene wrinkles) of this sample is 0.24 nm, which is comparable to the rms roughness 0.20 nm
and 0.30 nm of the graphene/SiO2 sample (Figure 4.12(a)) and the Y2O3/graphene/SiO2 sample
(Figure 4.10(a)), respectively. With the yttria seeding layer, the resulting alumina film is uniform
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and conformal. Without the yttria seed layer, the alumina film on graphene is nonuniform and
nonconformal (discussed later). The alumina/yttria/graphene/SiO2 sample was also characterized
in-situ by ISS. This technique is sensitive to only the topmost layer of the sample. Figure 4.11(b)
shows ISS for 3.5 nm alumina film deposited on the yttria covered graphene/SiO2 sample. The
complete suppression of yttrium signal indicates that alumina fully covers the yttria film.

Figure 4.10: AFM images and line scans of yttria films on graphene and HOPG. (a) AFM image (3μm×3μm) of ~1.5
nm of yttria film on graphene/SiO2. AFM images (1μm×1μm) of ~1.5 nm of yttria film deposited on HOPG outgassed
at 400 oC, 500 oC, and 700 oC are shown in (b), (c), and (d), respectively. The yttria was deposited at room temperature
for all the samples.
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Figure 4.11: AFM, ISS, and TEM measurements acquired on ~3.5 nm of alumina film on graphene/SiO 2 with yttria
as a seed layer. (a) AFM image (3μm×3μm) with line scan of alumina film on yttria/graphene/SiO2. The alumina film
is uniform and conformal. (b) ISS of the alumina film in (a). The absence of the Y peak in ISS shows that the alumina
fully covers the yttria film. In ISS, a very small fluorine peak is observed due to contamination from the viton seal in
the ALD reactor. (c) Large scale scanning TEM image of the alumina/yttria/graphene/SiO 2 sample in (a). (d) Scanning
TEM high angle annular dark field (HAADF) image of the alumina/yttria/graphene/SiO 2 sample. The yttria film is
crystalline while the alumina is amorphous. The graphene layer cannot be resolved in the TEM images.

The alumina/yttria/graphene/SiO2 sample was also characterized by TEM. Figure 4.11(c)
and 2(d) show large scale and high resolution scanning TEM (STEM) high angle annular dark
filed (HAADF) images of alumina/yttria/graphene/SiO2 sample. The uniform thickness of the
yttria plus alumina film in the TEM images suggests that the dielectric layer is uniform and likely
pinhole-free. A uniform-thickness dielectric film is also in agreement with the lateral
characterization by AFM. The STEM also suggests that the alumina film is amorphous while some
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crystalline grains are seen for the yttria seed layer. In addition to crystalline and noncrystalline
areas in the yttria layer, Figure 4.11(d) also shows regions in which the contrast in STEM appears
less bright, suggesting a lower density of yttrium. Since yttria and alumina form several strong
mixed line-phases, namely, Y3Al5O12 (YAG) or YAlO3 (YAP), we speculate that the alumina may
react with yttria in regions where the yttria film had a high density of crystalline defects or was
amorphous, which could facilitate a solid state reaction with the deposited alumina even at the low
deposition temperatures.
In order to unambiguously demonstrate the seeding effect of yttria for the growth of
uniform alumina films we compared the growth of alumina on bare and yttria-covered
graphene/SiO2. For this, we covered half of the graphene/SiO2 sample with a Ta-foil mask during
the yttria growth. After yttria film deposition on graphene/SiO2, the sample was taken out from
the UHV, the shadow mask was removed, and the sample was characterized by AFM. Figure
4.12(a) shows the AFM image of the bare graphene on the SiO2 substrate and Figure 4.12(e) shows
the other half of the sample that was covered with an ~5 nm yttria film. Comparison of Figure
4.12(a) and (e) indicates the uniformity of the yttria layer. After AFM characterization, the sample
was reloaded into a UHV system and the sample was outgassed in UHV at 300 °C for 2 hours
before alumina deposition. Then, 100 cycles of alumina were deposited on the entire sample.
Figure 4.12(b) shows the morphology of the alumina deposited on the bare graphene region. The
rms-roughness of the sample (excluding big clusters and graphene wrinkles) is 4.4 nm, which is
much bigger than that of the alumina film with a seeding layer. The alumina film is nonconformal
and discontinuous, which confirms previous reports of alumina deposition on nonfunctionalized
graphene or graphite surfaces55. Figure 4.12(c) and (d) show the large scale and high resolution
TEM images of the alumina/graphene/SiO2 region of the sample, respectively. The TEM images
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show that alumina is not covering large areas of the sample. In contrast, Figure 4.12(f) shows the
AFM morphology of the alumina film deposited on the yttria precovered graphene. The alumina
film is continuous and uniform. Figure 4.12(g) and (h) show the large scale and high resolution
TEM image of alumina/yttria/graphene/SiO2 region of the sample. TEM images show that the
alumina film deposited on top of the yttria film is uniform and conformal.

Figure 4.12: AFM and TEM images of alumina and yttria films. Half of the graphene/SiO2 sample was shadow
masked with Ta-foil during yttria deposition. Alumina film was deposited on the entire sample after removing the
shadow mask. (a) AFM image (3μm×3μm) with line scan of graphene on SiO 2/Si. (b) AFM image with line scan of
100 cycles of alumina film deposited on bare graphene/SiO2. (c) Large scale and (d) high resolution TEM images of
the alumina/graphene/SiO2 region of the sample. Alumina film is missing in some area of the sample indicating
alumina film is not uniform on bare graphene. (e) AFM image (3μm×3μm) with line scan of yttria film on
graphene/SiO2. (f) AFM image with line scan of 100 cycles of alumina film on top of yttria film. (g) Large scale and
(h) high resolution TEM images of yttria film. The yttria film is uniform, pinhole-free, and crystalline. The alumina
film on top of yttria film is also uniform and pinhole-free.

To verify the chemical identity of the yttria and alumina films, XPS was performed on the
in-situ grown yttria/graphene/SiO2 and alumina/yttria/graphene/SiO2 samples. For the
yttria/graphene/SiO2 sample, the Y-3d5/2 peak is observed at 157.45 eV and two components are
observed for O-1s: the peak at 529.75 eV corresponds to Y2O3 and the peak at 532.7 eV
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corresponds to SiO2. The Y-3d and O-1s peaks are shown in Figure 4.13(a) and (b), respectively.
The binding energy difference between the O-1s peak in yttria and the Y-3d peak is measured to
be

372.3

eV,

which

is

consistent

with

previous

report

for

yttria56.

For

the

alumina/yttria/graphene/SiO2 sample, Al-2p and O-1s peaks are shown in Figure 4.13(c) and (d),
respectively. Furthermore, the Y-3d peak position does not change after alumina deposition (not
shown). For thicker alumina films (~ 3.5 nm) XPS spectra show the Al-2p peak at 75.5 eV and a
single O-1s peak at 532.10 eV. The binding energy difference between the O-1s and Al-2p peaks
of 456.6 eV is consistent with previous reports for alumina57,58.

Figure 4.13: XPS measurements of HOPG and graphene samples. (a) Y-3d peak of the ~1.5 nm of yttria film deposited
on the graphene sample. The Y-3d5/2 peak is observed at 157.45 eV. (b) O-1s peak for the yttria/graphene/SiO2 sample.
The O-1s peak at 529.75 eV corresponds to yttria and the peak at 532.7 eV corresponds to SiO 2. (c) Al-2p peak of ~
3.5 nm of alumina film deposited on the yttria/graphene/SiO 2 sample. The Al-2p peak is observed at 75.5 eV. (d) O1s peak of ~3.5 nm of alumina film. The O-1s peak is observed at 532.10 eV. (e) C-1s peaks for HOPG, graphene/SiO2,
yttria/graphene/SiO2, alumina/yttria/graphene/SiO2, and alumina/graphene/SiO2 samples. The C-1s peak for HOPG is
observed at 284.25 eV. For the graphene/SiO2 sample, the C-1s core level is deconvoluted with a graphene component
at 284.40 eV (red line) and two much smaller components at 285.1±0.1 eV (blue line) and 286.5±0.1 eV (pink line),
which are attributed to carbon contamination and/or PMMA residue. The C-1s core levels are measured at 284.61 eV,
284.46 eV, and 284.37 eV for the yttria/graphene/SiO 2, alumina/yttria/graphene/SiO2, and alumina/graphene/SiO2
samples respectively. For C-1s measurements, only 10 cycles of alumina are deposited on yttria/graphene/SiO 2 and
graphene/SiO2 samples.
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When graphene is in contact with another material, even in the absence of chemical
bonding, charges are expected to be transferred across the interface in order to align the Fermilevels in the different materials. This results in charge doping of graphene and causes a shift of the
C-1s core level of graphene in XPS measurements48. The details of the use of C-1s core-level shifts
to determine the charge doping of graphene will explained in more detail in section 4.4 of this
chapter. The shift of the C-1s core level is a consequence of the low density of states close to the
Dirac point of graphene which causes a measurable shift of the Fermi-level even for small interface
charge transfers. Consequently, since in XPS the Fermi-level is the reference energy level for corelevel binding energy, a shifting of the Fermi-level causes an equal shift in the C-1s core level
binding energy. For the Fermi-level shift to be equal in magnitude to the C-1s core level shift a
rigid band model for graphene is assumed; i.e., the energy difference between the C-1s core level
and the Dirac point is assumed to be unaffected by charge doping of graphene. In our experiments,
we set this energy difference to the C-1s binding energy measured in HOPG. Thus a shift of the
C-1s core level in graphene relative to the C-1s core level in HOPG is interpreted as an equivalent
shift of the Fermi-level relative to the Dirac point in graphene.
For the graphene/SiO2 sample, the C-1s core level was deconvoluted with a graphene
component at 284.40 eV and two much smaller components at 285.1±0.1 eV and 286.5±0.1 eV,
which are attributed to carbon contamination and/or PMMA residue50,59. The C-1s binding
energies for the yttria/graphene/SiO2 and alumina/yttria/graphene/SiO2 samples were also
deconvoluted in the same way as that for the graphene/SiO2 sample. The C-1s core levels for
HOPG, graphene/SiO2, yttria/graphene/SiO2, and alumina/yttria/graphene/SiO2 are shown in
Figure 4.13(e). The C-1s binding energy of the graphene component for all the samples is
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compared to the binding energy of HOPG sample measured in the same experimental setup. The
C-1s core levels for the HOPG, yttria/graphene/SiO2, alumina/yttria/graphene/SiO2, and
alumina/graphene/SiO2 samples are measured to be 284.25 eV, 284.61 eV, 284.46 eV, and 284.37
eV respectively. As the alumina forms clusters on bare graphene, both bare graphene regions and
alumina-covered regions contribute to the C-1s core-level for the alumina/graphene/SiO2 sample.
However, no broadening of the C-1s peak after alumina deposition compared to the bare
graphene/SiO2 sample is detected, suggesting that the alumina does not induce a significant peak
shift for the C-1s peak. For the alumina/yttria/graphene/SiO2 and alumina/graphene/SiO2 samples,
C-1s measurements were taken for 10 cycles of alumina deposition on the yttria/graphene/SiO 2
and graphene/SiO2 samples respectively.
In all cases, we measure a larger C-1s binding energy for the graphene samples compared
to HOPG. Assuming no chemical bonding between the oxides and graphene, this shift in the C-1s
peak suggest a Fermi-level shift above the Dirac point, i.e., n-type doping of the graphene. For
bare graphene on SiO2/p-type Si, we observe a ~0.15 eV shift of the Fermi-level compared to
charge neutral graphene. Alumina deposition on bare graphene (i.e., without a yttria seed layer)
reduces this shift very slightly to ~0.12 eV; i.e., the graphene may be slightly less n-type doped
after alumina deposition. On the other hand, deposition of yttria, a material with a well documented
extremely small work function (the low work function makes yttria coating, e.g., useful for
thermionic electron emitting filaments), increases the n-type doping to ~0.36 eV above the Fermi
level, while additional deposition of alumina reduces the doping somewhat to ~0.21 eV. All of
these shifts in the Fermi-level of graphene are following trends in agreement with the work
function differences of the materials; however, precise values are difficult to estimate because the
work functions of dielectric materials are ill-defined. The fact that the charge doping in graphene
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is reduced after deposition of alumina also suggests that some effective work function for the
yttria/alumina sandwich should be used. Finally, the fact that the low-work function material yttria
causes strong n-type doping in graphene may have some influence in the use of yttria seed layers
for high-κ dielectrics in field effect devices, since the dielectric induced doping may have to be
compensated for by the gate voltage.

4.4. Charge doping of graphene in a metal/graphene/dielectric sandwich structures
evaluated by C-1s core level photoemission spectroscopy
4.4.1. Introduction
The contact resistance between a metal and graphene affects device performances that use
graphene as the conducting channel, for example in field effect transistors (FETs)60-66. One reason
for high contact resistances is the Fermi-level shift in graphene at metal contacts due to interface
charge doping effects67. This causes a band bending in the graphene at the edge of the metal contact
and consequently resulting in a charge injection barrier. On the other hand, this band bending may
be exploited for separation of photo excited charges to generate a photocurrent68-72. Thus it is
critical to understand the metal induced charge doping and the associated shift of the Fermi-level
at the graphene/metal interface. Here, we show that the Fermi-level position can be determined
from regular x-ray photoemission spectroscopy (XPS), and importantly, while our experiments
show that the pure metal/graphene interface is well described by previous DFT computation73, the
technologically more important case of a metal contact on supported graphene may be significantly
modified by the support. Consequently the choice of the support material is equally important as
the metal in tuning the contact resistance.
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Low electron density of states close to the Dirac point of graphene cause a significant shift
of the Fermi-level even for small charge transfers to graphene. This property is also known as the
variable work function of graphene because shifts of the Fermi-level by several tenths of an eV
relative to the Dirac point due to charge doping, changes the energy-separation between the Fermilevel and the vacuum level (work function) by the same amount. The variable work function
behavior of graphene has been exploited in potential new electronic devices such as the recently
demonstrated barristor device74. However, it is not just the work function that is changed due to a
shift of the Fermi-level, but all other electronic energy levels that are referenced to the Fermi-level
are shifting like-wise. This basic relationship between the shift in the Fermi-level and the C-1s
core level is illustrated in Figure 4.14. The relative shifts of the energy levels has implications for
interpretation of spectroscopic measurements on graphene and importantly may also be exploited
for measuring the charge doping level in graphene75. The relationship between Fermi-level shift
and the C-1s core-level shifts due to a rigid band shift has also been demonstrated for graphite
intercalation compounds76. By comparing C-1s peak shifts with computed Fermi-level shifts for
graphene/metal interfaces we show that C-1s peak shifts can be related to metal-contact induced
charge doping of graphene. Subsequently we utilize this relationship between C-1s shifts and
Fermi-level position in graphene to determine charge doping effects at complex
metal/graphene/dielectric sandwich structures.
The doping of graphene by metallic contacts is well-established. In first approximation this
can be described by charge transfer between the metal and semiconductor due to differences in
work functions. More detailed DFT simulations suggest that the dipole formed due to charge
redistribution at the interface between the metal and graphene shifts the charge neutrality point
(i.e. the metal work function for which no charges are transferred to graphene) to a metal work
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function that is ~0.9 eV higher than that of graphene73. The charge doping of graphene on metal
surfaces and the accompanying Fermi-level shift relative to the Dirac-point has been confirmed
for some metals by angle resolved photoemission spectroscopy (ARPES) of the graphene π-band
at the Brillouin-zone K-point77. Of particular interest to this paper, a shift of the Dirac point of ~
0.3 eV for Pt14, ~0.1 eV for Ir78, and ~ -0.3eV for Cu79 was reported. Although, ARPES is the most
direct measurement of the Fermi-level position relative to the Dirac point, the special sampleconditions that need to be met limit this technique to fundamental surface science investigations.

Figure 4.14: Schematic energy level diagram illustrating the relationship between charge doping, and shift in C-1s
core level of graphene measured in XPS. Charge doping, by e.g. interfacial charge transfer, shifts the Fermi-level
relative to the Dirac point. A downward shift of the Fermi-level (p-type doping) decreases the C-1s core level binding
energy by the same amount.
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In general, for ARPES measurements graphene single crystals are needed and the graphene
should be close to the surface, i.e. buried interfaces are difficult to study by ARPES. It was also
suggested that peak shifts in Raman scattering can be used to extract doping levels in graphene8084

. However, convolution of peak shifts due to doping with contributions from lattice strain may

make Raman spectroscopy challenging for measuring doping levels reliably. On the other hand,
measuring the C-1s peak position in XPS is straight forward. With an accurate calibration of the
electron energy analyzer, for example by using highly oriented pyrolytic graphite (HOPG) as a
reference sample, small shifts in the C-1s positions can be detected. In XPS, the C-1s peak position
is referenced to the Fermi-level. Consequently a shift in the Fermi-level that changes the graphene
work function also shifts the C-1s core level by the same amount as is schematically illustrated in
Figure 4.14. XPS is, however, not without limitations. Strongly interacting metals would cause
chemical shifts that may dominate the C-1s peak position. Therefore, in this paper we only consider
weakly interacting metals, i.e. Cu, Pt, Al, and Ir that maintain the Dirac-cone of graphene.13
In most realistic device structures, graphene would be supported on an insulating substrate
and metals are deposited to make electrical contacts. Therefore, it is very important to know how
the charge doping of graphene is affected by a dielectric or semiconducting substrate. In this
section, we discuss the charge doping of graphene when graphene is sandwiched between metal
and dielectric or semiconductor.
4.4.2. Experimental method and sample preparation
In order to prepare an as-clean-as-possible interface, we avoid mechanical and/or solution
transfers of graphene onto dielectric/semiconducting substrates. Instead we inverse the
dielectric/graphene/metal structure by using graphene directly grown by CVD on weakly
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interacting metals, i.e. Cu, Pt, and Ir, and deposit a metal-oxide on top. Graphene on Pt(111) and
Ir(111) are grown in ultra high vacuum (UHV) by exposure to ethylene at 700 oC and 850 oC
respectively. Graphene on copper is grown on polycrystalline copper foils in a tube furnace using
a methane/hydrogen mixture27. The inert nature of graphene enables us to transport the graphene
covered surface through air. A brief UHV annealing is sufficient to desorb any contamination from
the surface. The direct CVD- growth is limited to late transition metals. For characterizing the
Al/graphene interface, which is of interest because of the low work function of Al, we resorted to
the approach of intercalating Al after graphene has been grown on Ni(111). Since Al alloys very
easily with the Ni-substrate care has to be taken in the intercalation process to not exceed a critical
temperature. We have thoroughly studied this intercalation process and substrate alloying before
and details can be found in ref.85. After characterizing the pure metal/graphene interface, we
investigated the metal/graphene/oxide sandwich structure by reactive vapor deposition of Al or Y
metal in a 10-7 Torr O2 atmosphere in UHV. TiO2 was grown by pulsed laser deposition in 10-6
Torr oxygen atmosphere. The PLD chamber is connected by an in-situ vacuum transfer system to
the XPS chamber. The XPS data were acquired with a 5-channel hemispherical analyzer. A nonmonochromatized dual anode x-ray source was used. The C-1s shifts reported here are relative to
the C-1s position of a HOPG reference sample.
4.4.3. Results and discussion
First, let us demonstrate the use of C-1s spectra for determining the Fermi-level position.
For example, ref.86 shows a systematic study of high resolution C-1s XPS spectra (measured with
soft x-rays at a synchrotron radiation source) for graphene grown in ultra-high vacuum on various
metal substrates. The C-1s binding energy is shifted for the different investigated metals (Pt, Ir,
Rh and Ru) relative to that of HOPG. Here we argue that the peak positions can be explained by
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simply accounting for the Fermi-level shift. For the weakly interacting metals Pt and Ir, i.e. metals
that form negligible chemical interaction with graphene, a single peak is observed at 0.26 eV and
0.07 eV lower binding energy compared to HOPG, respectively. Note that this shift in the core
level is very close to the values reported for shifts of the Fermi-level relative to the Dirac point in
ARPES studies14,78. For the strongly interacting metals Rh and Ru one would not necessarily
expect a relationship between the core level position, i.e. Fermi-level, and the metal work function.
However, due to lattice mismatch between graphene and metals, graphene forms moire
superstructures on metal substrates. In this moiré structure regions in which carbon atoms are in
the ‘right’ position for forming covalent bonds to the metal substrates and regions where the carbon
atoms cannot form chemical bonds to the substrate exist. Consequently the C-1s spectra exhibits
two components, one component where the C-1s peak position is dominated by chemical shifts
due to chemical bond formation and a second C-1s component for regions where graphene does
not make chemical bonds with the substrate. Somewhat surprisingly, even for these strongly
interacting metals, this second component exhibits binding energies that can be explained by a
Fermi-level shift due to the work function difference between the metal and graphene. For Ru and
Rh a shift of the second C-1s component of 0.29 eV and 0.18 eV to higher binding energy
compared to HOPG is observed, respectively. In addition to these literature data XPS-data for
graphene on Cu, Pt, and Al/Ni(111) are shown in Figure 4.15(a). For the clean graphene/metal
samples we measure a C-1s peak shift for Al, Cu, Ir, Pt and of +0.39, +0.32, -0.2, -0.27 eV,
respectively. The Pt peak shift corresponds well to the previously reported data, shown in Figure
4.15. The Ir peak is in less good agreement, most likely because of an overlap of the C-1s peak
with the Ir-4d5/2 peak and related challenges in de-convoluting these peaks with the poorer
resolution of our spectrometer. The C-1s peak for Cu and Al was not reported in the above cited
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publication because of the more difficult/ non-UHV sample preparation procedures. The increased
C-1s binding energy for these metals indicates an n-type doping as is expected for low work
function metals. The C-1s peak shifts are in good agreement with the reported Fermi-level shifts
measured by ARPES thus suggesting a rigid band shift as indicated in Figure 4.14.

Figure 4.15: C-1s core level positions for graphene on metals measured by XPS on different samples. In (a), three
measured C-1s peak position are shown. The dotted line indicates the C-1s position for HOPG. In (b) both our
experimental C-1s peak positions (red diamonds) as well as experimental literature values for C-1s core level position
taken from ref.86 (grey circles) are plotted against the metal work function taken from ref. 87,88. In the same plot, solid
green triangles show the computed shift of the Fermi-level, taken from ref.73, plotted against the computed metal work
function. Note that the experimental data are plotted against experimental work function values and thus different
work functions values for the same metal are used for the experimental and computational data points. The solid lines
have no physical meaning and are merely drawn to guide the eye.

In Figure 4.15(b) we plot our data together with previously reported peak shifts relative to
HOPG versus literature values of the metal work function87,88. In this plot the peak shift varies
monotonically with the metal work function. Furthermore, we compare the core-level shifts with
calculated Fermi-level shifts73 using the computed work functions for the different metals. The
agreement between the core level shifts and the anticipated Fermi-level shift is good. However, a
small general shift of the charge doping to lower metal work function is observed for the
experiments compared to the computed values. In particular the metal work function at which no
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charge doping of graphene occurs is extrapolated from the measurements to 5.1±0.1 eV. Taking
the commonly cited neutral work function of graphene as 4.6 eV an interface dipole between
metals and graphene of 0.5±0.1 eV is obtained, i.e. a little smaller than the 0.9 eV derived in the
DFT simulations.
To investigate the role of a dielectric substrate in the charge doping of graphene, we choose
Y2O3, Al2O3, and TiO2 as dielectric materials. These materials were chosen because they span a
wide range of different work functions. Furthermore, the chosen oxides also have technological
relevance. Al2O3 has been widely discussed as a dielectric material for graphene, titania is
sometimes used as a seed layer to improve the wetting of graphene, and finally yttria exhibits
excellent wetting behavior on graphene48. The measurement of the C-1s peak position after growth
of ~1 nm of these materials show significant shifts compared to the clean metal/graphene interface
as is illustrated in Figure 4.16(a) and (b) for Cu and Pt substrates, respectively. This indicates that
the charge doping of graphene may be strongly influenced by the wide band gap material. The
strongest change has been observed for graphene/Pt where the Fermi-level shifts from ~0.3 eV
below the Dirac point (p-type doped) to ~0.3 eV above the Dirac point (n-type doped) after growth
of yttria. Smaller, but still significant, variation of the doping level is observed for alumina and
titania layers on graphene/Pt. We also performed measurements for yttria, alumina, and titania on
graphene/Cu, as well as for yttria on graphene/Ir. The measured graphene C-1s core levels are
summarized in Figure 4.16(c) and in Table 4.1. The Table 4.1 also lists literature values for the
work functions of the materials.
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Table 4.1: Summary of measured Fermi-level position relative to Dirac point for graphene on metal only (EFmetal ) and
for graphene sandwiched between a metal and oxide (EFsandw.). Also, the literature values for the work function of the
metals (WFmetal) and the oxides (WFoxide) are tabulated.

WFmetal
(eV)

EFmetal

WFoxide (eV)

ΔWF=
WFmetal

(eV)

EFsandw.
(eV)

-

ΔEF=
EFmetal
-

WFoxide
EFsandw.

(eV)

Cu/Gr

4.6687

-0.32

Cu/Gr/Y2O3

3.34±0.5389

1.32

-0.54

0.22

Cu/Gr

4.66

-0.32

Cu/Gr/Al2O3

4.25±0.4589,90

0.41

-0.45

0.13

Cu/Gr

4.66

-0.32

Cu/Gr/TiO2

5.55±0.2591,92

-0.89

0.07

-0.39

Pt/Gr

5.787,88

0.27

Pt/Gr/Y2O3

3.34±0.53

2.36

-0.32

0.59

Pt/Gr

5.7

0.27

Pt/Gr/Al2O3

4.25±0.45

1.45

0.03

0.24

Pt/Gr

5.7

0.27

Pt/Gr/TiO2

5.55±0.25

0.15

0.15

0.12

Ir/Gr

5.2787,88

0.2

Ir/Gr/Y2O3

3.34±0.53

1.93

-0.26

0.46
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Figure 4.16: Change in the C-1s peak shift upon adsorption of a dielectric material. (a) shows C-1s peak for graphene
on platinum and after deposition of alumina and yttria films. (b) shows C-1s peak for graphene on copper and after
deposition of alumina and yttria films. In (c) the change in the C-1s peak positions are summarized for the different
samples studied. In (d) the absolute value for the change in Fermi-level shift ΔEF= EFmetal -EFsandw., i.e. the difference
of the Fermi-level in graphene for a graphene/metal contact compared to metal/graphene/oxide sandwich structure is
plotted against the square root of the absolute value of ΔWF=WFmetal- WFoxide (eV). The linear data fit (dotted line) is
compared to a simple model that predicts a behavior of ΔE F = 0.44 × √│ΔWF│ (green line).

How can the change in the Fermi-level for a metal/graphene/dielectric sandwich be
explained? Generally, aligning the vacuum level at an insulator (semiconductor)/metal contact is
described by a Schottky contact model. This simple model neglects chemical bonding and interface
states, which may be fulfilled in the case of an (inert) graphene interface layer that separates the
oxide from the metal. In a Schottky contact a space charge region in the band gap material is
formed whose charges are counterbalanced by charges in the metal. These charges are located as
close as possible to the interface to minimize electrostatic energy. Because of the high density of
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states in metals no measurable change of the Fermi-energy in the metal is usually observed.
However, in the interfaces studied here the metal is replaced by a graphene/metal heterostructure
and thus charges in the Schottky contact will be located on the graphene. This charge accumulation
on graphene causes a shift of the Fermi-level and consequently the C-1s core level.
In order to estimate the Fermi-level shift as a function of work function difference between
the metal and the oxide we model the interface as a plate capacitor73. In this model the contact
potential is equal to the potential on a capacitor: ΔV = Φmetal – Φoxide= α N d, where N are the
charges per graphene unit cell, d the separation between graphene and the oxide (we set d = 3.3Å
as the equilibrium separation between graphene and weakly interacting surfaces), and α= e2/ε0A =
34.93 eV/Å (with A= 5.18 Å2 the graphene unit cell area). In order to estimate the Fermi-level shift
we relate N to the density of states for graphene. For electron energies close to the Dirac point the
density of states is linear and can be expressed as D(E) = D0 E, where D0 = 0.09 e (eV2 per unit
cell). Thus integration of the density of states, with limits equal to the shift of the Fermi-level,
yields the charge per graphene unit cell of N = D0 ΔEF2/2. From this analysis we predict a Fermi
level shift of ΔEF= 0.44 √ΔV. Figure 4.16(d) compares this predication with our measurements.
The total shift of the Fermi-level ΔEF, i.e. the position on the metal minus the position after oxide
deposition, is plotted versus the square root of the absolute value of the work function difference
between metal and oxide. A reasonably linear function can be fitted with a slope of 0.38 ± 0.11,
which compares favorably to the slope of 0.44 expected from the simple capacitor model.
However, there is a fairly large scatter of the data points, which is likely the consequence of the
uncertainty in the values for the oxide work functions.
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It should be mentioned that in the plot in Figure 4.16(d) the contact potential has been
determined using the actual metal work function and not the effective work function of the
graphene modified metal. The latter is reduced by ~0.5 eV according to our estimate, due to charge
redistribution induced interface dipole. Using this reduced work function results in a worse fit.
This suggests that the metal/graphene interface dipole is (partially) compensated for by a similar
dipole at the graphene/oxide interface. The existence of a dipole at the graphene/oxide interface is
substantiated by our studies on graphene/SrTiO3, which exhibits a dipole of 0.45 eV51.

4.5. Conclusion
We have presented approaches to grow monolayer yttria on graphene on Pt(111). STM
characterization shows the monolayer of yttria film on graphene/Pt(111) is uniform, pinhole-free,
and conformal. The XPS, AES, and LEED characterization confirms graphene remains intact after
yttria deposition on graphene/Pt(111). Furthermore, AES characterization of yttria deposition on
graphene on Ni(111) and Ir(111) shows similar monolayer yttria as that on graphene on Pt(111)
suggesting our approach would be applied to deposit yttria on any graphene support system.
Graphene on Pt(111) is like a free-standing graphene because graphene interacts weakly with
Pt(111) substrate. The properties of graphene on Pt(111) is similar to that of graphene supported
on other transition metals such Cu, Ir etc. So, our approaches to synthesize monolayer of yttria on
graphene supported on Pt(111) can be incorporated to synthesize large scale dielectric/graphene
heterostructure.
We discussed approaches for growing epitaxial Ni(111) on metal oxide substrates. Both
YSZ(111) and Al2O3(0001) have been demonstrated to be possible substrates for growing monocrystalline Ni(111) films. These prepared Ni-films are used for growing graphene by CVD in UHV
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and tube furnace. In agreement with a large body of literature monolayer graphene can be grown
lattice matched to Ni(111) in UHV below 650 °C. However, growth at high temperatures in UHV
on the thin Ni films results in a large fraction of the graphene to be out of registry with the Ni
substrate. In the tube furnace, inhomogeneous graphene with regions exhibiting graphene
multilayer are formed at high temperature. We study several nanometer thick crystalline, uniform,
and pinhole-free yttria on graphene/Ni(111)-film. In addition azimuthal alignment of the yttria
film with graphene is observed by LEED and XPD, indicating a (pseudo) epitaxial relationship of
yttria on graphene.
We have also demonstrated the utility of the yttria as a seeding layer for ALD Al2O3 growth
on graphene. The morphology of alumina film was characterized by AFM, ISS, and (S)TEM. It
has been shown that the alumina film grown on an yttria seed layer is uniform, pinhole-free and
conformal. Formation of a yttria/alumina stack of dielectrics is expected to reduce the overall
capacitance of the dielectric layer, however, this trade-off is currently needed for the growth of
alumina based dielectrics on graphene. XPS measurements enabled the characterization of
interface charge transfer. The low work function of yttria is responsible for a strong n-type doping
of graphene when interfaced with yttria. This doping is somewhat reduced after alumina
deposition.
In addition, we have studied the interfacial charge transfer of graphene when graphene is
interfaced with other materials. In particular, we study the charge doping of graphene in
graphene/metal and dielectric/graphene/metal structures. We show that the Fermi-level shift
relative to the Dirac point of graphene can be evaluated from the C-1s core level shift of the
graphene if the chemical interaction between graphene and the material is absent. For
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graphene/metal interfaces, the Fermi-level shifts for graphene on weakly interacting metal
substrate such as Pt, Ir, Al and Cu well agrees with the previously published DFT calculations73.
More interestingly, the Fermi-level position of graphene further modifies when graphene is
sandwiched between metal and dielectric. For graphene/metal interface, it’s the work function
difference between the metal and graphene that determines the charge transfer to graphene. Our
study show that the charge doping or Fermi-level shift of graphene in dielectric/graphene/metal
sandwich structure does not only depend on the work function of the metal but the work function
difference between metal and the metal-oxide.
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5. Decoupling Graphene from Metal Substrate
The intrinsic electronic properties of graphene are modified and/or graphene is charge
transfer doped when graphene is brought into contact with a metal. The intercalation of weakly
interacting metals such as Cu, Ag, and Au1-4 underneath of graphene is a promising approach to
modify graphene metal interaction. We intercalated Sn on graphene/Ni(111) system to decouple
graphene from the Ni(111) substrate. In section 5.1 of this chapter, we will present the results of
the study of the intercalation of Sn between graphene and Ni(111). More importantly, many
application of proposed application of graphene requires transfer-less synthesis of graphene on
dielectric substrates. It has been reported that that the oxidation of Si or Al in high oxygen pressure
results the formation of SiO25 or Al2O36 underneath of graphene. This approach of intercalating
oxides in between the graphene and the metal growth substrate, has been lauded as a transfer-less
synthesis of graphene on insulator/semiconductor substrates. In section 5.2 of this chapter, we
present the study of the intercalation growth of 2D-FeO layer between graphene and Pt(111)
substrate. The single layer of FeO is a truly 2D material with strongly varying properties compared
to bulk FeO7, which can modify the electronic structure of graphene due to an in-plane
superstructure.
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5.1. Intercalation of Sn between graphene and Ni(111)
5.1.1. Introduction
Graphene synthesis on Ni(111) substrate has been investigated for decades 8-10. Ni(111) is
the only metal substrate with the closest lattice match with graphene among the transitional metal
except Co(0001). The schematic of lattice relation between Ni(111) and graphene is shown in
Figure 5.1 (a). The preferred arrangement of graphene on Ni(111) is identified as the structure with
one carbon atom, of the two-carbon atom unit cell, on top of a Ni atom and the second carbon atom
on top of fcc three fold hollow site11,12. The electronic structure of graphene is strongly altered
compared to the free standing graphene due to the strong interaction between Ni-d and grapheneπ electrons. This interaction shifts the π-band of graphene by ~ 2 eV and opens band gap in
graphene13,14. It has been reported that the strong interaction between graphene and Ni(111) can
be decoupled by the intercalation of weakly interacting metal such as Cu, Ag, and Au1-4. In addition
to late transition metals, intercalation of Fe15,16 or alkali metal13 between graphene and Ni(111)
has been demonstrated. Moreover, intercalation of metals between other strongly interacting
metal-graphene system such as Ru17,18 or Rh19 has also been demonstrated.
In this dissertation, we present the results of Sn intercalation in between graphene/Ni(111)
and subsequent formation of ordered surface Sn-Ni(111) alloy. In Sn-Ni(111) surface alloy, only
surface layer forms ordered alloy, excess of Sn atoms go to the bulk on the Ni(111) crystal. Ordered
surface alloy is formed by the substitution of Ni atoms at the surface layer of Ni(111) by Sn atoms.
Thus, the Sn-Ni surface alloy maintains the lattice constant of Ni(111). Formation of ordered SnNi(111) alloy with a (√3 × √3)R30o structure is well known system20. It has been reported that Sn
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atoms buckled out from surface of (√3 × √3)R30o structure by ~ 0.46 Å21. The possible schematics
of the structure of graphene supported on ordered Sn-Ni(111) is presented in Figure 5.1 (b).

Figure 5.1: Schematics of (a) graphene on Ni(111) and graphene on Sn-Ni(111) (√3 × √3)R30o. Figure reproduced
from Ref.22. © 2012, Elsevier.

5.1.2. Experimental techniques and sample preparation
Intercalation of Sn on graphene/Ni(111) was studied on two separate UHV chambers with
base pressure of 2×10-10 Torr. The first chamber was equipped with a double-pass cylindrical
mirror analyzer with build in electron gun for Auger electron spectroscopy and LEED optics for
low energy electron diffraction measurements. The second chamber was equipped with an
Omicron VT-STM and LEED optics. Both chambers were equipped with sample preparation
equipment, e.g. sample heater, ion-sputter gun for sample cleaning, and precession leak valves for
leaking Argon, oxygen, and ethylene. Ni(111) sample was cleaned by repeated cycles of sputtering
and annealing. Ni(111) was annealed in oxygen at 10-6 Torr pressure at 600 oC to remove any
remaining carbon residue. When the sample got clean, the Ni(111) sample was flashed to 800 oC
before growing graphene. Monolayer graphene was grown on Ni(111) by backfilling the UHV
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chamber ethylene at 10-5 Torr pressure for 4 min at 600 oC. Sn was evaporated from a resistively
heated Ta-envelope with a pinhole facing the sample, which is a home-made evaporator. Sn was
deposited on graphene/Ni(111) at room temperature. The Sn/graphene/Ni(111) sample was
annealed at elevated temperature to intercalate Sn and form Ni-Sn alloy. After AES and LEED
characterization of the sample, it was transported through air to the STM chamber. The insert
nature of graphene protects the metals underneath from oxidation. The sample was annealed at
500 oC for 20 min in STM chamber before any STM characterizations.
5.1.3. Results and discussion
After the deposition of Sn on graphene/Ni(111) sample at RT, the sample was annealed at
elevated temperatures in steps. The sample was held at 5 min for each annealing temperatures and
Auger electron spectra and LEED were recorded. Figure 5.2 shows the AES C/Ni, C/Sn, and Sn/Ni
ratio and proposed rearrangements of elements at surface during intercalation and alloying process.
As the AES is very surface sensitive characterization technique, the change in the AES ratio of
elements during annealing process would give the information of the rearrangement of the
elements within top few layers of the sample. Below ~ 350 oC, the AES C/Ni remains the same
while the AES C/Sn ratio increases and AES Sn/Ni ratio decreases. This indicates while annealing
the Sn/graphene/Ni(111) sample upto ~ 350 oC, the Sn still remains on top of graphene but the Sn
coalesce together to form clusters. Between 350 oC and 400 oC, AES C/Ni and Sn/Ni ratios
increases. This may be explained by the intercalation of Sn between graphene and Ni(111). When
the Sn intercalates, the Sn spreads uniformly over the Ni(111) substrate. This will lead to the strong
attenuation of the AES Ni signal while elevating the AES C and Ni signals but keeping the AES
C/Sn ratio constant in the temperature range 350 oC to 400 oC. When annealing temperature
reaches 450 oC, the AES C/Ni ratio strongly increases while Sn/Ni decreases. This is the indication
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of Ni-Sn alloy formation and loss of Sn in the bulk of Ni(111) crystal. Further increasing the
annealing temperature of sample above 450 oC, we observe the increase in the AES C/Ni ratio.
This can not be explained by only the formation of Ni-Sn alloy. The AES C/Ni ratio should
decrease as the Ni signal becomes less attenuated during Ni-Sn formation. The increase in the C/Ni
ration at higher temperature is most likely due to the fact that the intercalation was not complete
at 450 oC i.e. some Sn remains still on top of graphene. The intercalation process is completed at
higher temperature.

Figure 5.2: Change in AES C/Ni, C/Sn, and Sn/Ni ratios with annealing temperature after Sn deposition on
graphene/Ni(111). The schematic diagram shows the proposed re-arrangement of Sn during annealing process. Figure
reproduced from Ref.22. © 2012, Elsevier.

The Ni-Sn alloy formation was also monitored by LEED. When the sample was annealed
higher the 450 oC, we observe formation of superstructures spots in the LEED pattern. The full
Auger electron spectrum and high resolution carbon CKVV peak for clean graphene/Ni(111)
sample are shown in Figure 5.3 (a) and (b) respectively. Figure 5.3 (c) shows the 1×1 LEED of
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clean graphene/Ni(111) sample. Figure 5.3 (e) shows a sharp (√3×√3 )R30o superstructure spots
in the LEED, which are formed after annealing the sample at 600 oC. For this sample, the full
Auger electron spectrum and high resolution CKVV peak are shown in Figure 5.3(d) and (e)
respectively.

Figure 5.3: AES and LEED measurements for graphene on Ni(111) and graphene on Sn/Ni(111)-(√3 × √3) R30o. (a)
AES survey for graphene on Ni(111). (b) CKVV carbon peak shape for graphene on Pt(111). (c) LEED pattern of
graphene on Ni(111). AES survey for graphene on Sn/Ni(111)-(√3 × √3) R30o is shown (d) and AES CKVV peak for
the sample is shown in (e). LEED pattern for Sn/Ni(111)-(√3 × √3) R30o sample. Figure reproduced from Ref.22. ©
2012, Elsevier.

The intercalation process of metals on graphene on Ni(111) or Ru(0001) is not well
understood. One suggestion is the diffusion of metal through the extended defects in graphene.
This suggestion is analogous to the formation of intercalation compound in HOPG23. Another
suggestion is the hat the carbide forming metal destroys the graphene locally and carbide is
formed24. The metal intercalates through the carbide easily and graphene is re-formed after the
intercalation process is complete. Recent STM studies on graphene on Ru(0001) demonstrate the
intermediate local breaking of carbon-carbon bond through which the intercalation process takes
134

place18. Our observation shows that intercalation of Sn requires relatively higher temperature
suggesting that the intercalation process occurs on graphene/Ni by the intermediate breaking of
carbon-carbon bond, not by the diffusion of Sn through the extended defects in graphene sheet.
The intercalated Sn is expected to interact weakly with graphene. The AES C KVV peak
shape of graphene alters after the intercalation of Sn between graphene and Ni(111) as we observe
in Figure 5.3 (b) and (e). The AES CKVV peak shape of graphene on Sn/Ni(111)-(√3 × √3) R30o is
similar to AES CKVV peak shape of graphene on weakly interacting metal system such as on
graphene on Pt(111)25. The expected weak interaction of graphene on Sn-Ni alloy has been verified
by verified by DFT calculations, which shows the separation between graphene and Sn-Ni(111)
alloy surface is 3.5 Å26.

5.2. Intercalation of FeO between graphene and Pt(111)
5.2.1. Introduction
High-quality graphene can be grown on many late transition metal surfaces by chemical
vapor deposition (CVD) even in ultrahigh vacuum (UHV)27-31. However, for many applications
and fundamental studies of interface induced modifications of graphene, non-metal substrates are
desirable. This may be achieved by ‘wet’-transfer processes of the graphene from the metal to
other solution-stable substrates30,32. An alternative transfer-free approach for de-coupling graphene
from the growth metal is by intercalation of atoms33,34 and molecules35-37 in between the graphene
and the metal support. This has the advantage of a clean processing environment and thus
preparation of well-defined interfaces, and as is discussed here, the possibility to grow special
heterostructures. The successful intercalation of many metals2,4,15,22,33,38-40 and semiconductors41
has been demonstrated by vapor deposition and subsequent annealing to temperatures usually
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around 300 oC in UHV3,15,22. Intercalated metals are subsequently protected by the graphene layer
from interaction with the environment under ambient conditions. For instance it has been shown
that intercalated iron does not oxidize under atmospheric exposure at room temperature15. On the
other hand oxidation of intercalated silicon as well as Al has been shown at elevated temperatures
and oxygen pressures of ~ 3 x 10-3 Torr5,6. These latter studies resulted in the formation of SiO2 or
Al2O3 dielectric films in between graphene and the metal and thus have been argued to be an
approach for transfer-less fabrication of graphene on dielectric substrates. Here we describe the
fabrication of a 2D-FeO layer in between vacuum-CVD grown graphene and a Pt(111) single
crystal surface. The FeO monolayer is a truly 2D material with strongly varied properties compared
to bulk

FeO7. These special properties of 2D-FeO potentially enable a substrate-induced

modification of the graphene electronic structure due to an in-plane superstructure.
Weak graphene-support interaction is a promising approach for modifying the materials
properties of graphene while maintaining many of the desired properties of pristine graphene, like
its high charge carrier mobility, which is not possible by e.g. chemical functionalization. The effect
of a weak periodic potential induced in graphene by a substrate has been recently highlighted by
the observation of Hofstadter’s butterfly for graphene supported on hex-BN42,43. In this van der
Waals system the small 1.8% lattice-mismatch between graphene and hex-BN gives rise to a
moiré-superstructure that causes the periodic modification of graphene. For graphene/hex-BN, as
well as in many metal/graphene systems the periodic modification of graphene is a consequence
of the varying adsorption sites of the carbon-atoms with respect to the substrate atoms and the
consequent variation in the carbon-substrate interactions44. This results, for example, in a
measurable corrugation of the graphene on hex-BN45 or on metal supports46-48. Similar to graphene
supported on metals, 2D-FeO forms also a moiré-pattern on Pt(111) due to varying adsorption
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sites7,49-52. The FeO layer possesses a dipole moment normal to the surface, which is strongly
modulated within the moiré-unit cell, giving rise to a modulated surface potential7,53. Here we aim
at fabricating a heterostructure consisting of graphene and such a metal supported 2D-material. In
this case we expect that the electronic structure of graphene may be locally altered not due to
variation in the chemical interaction with the substrate but due to physical charge transfer as a
consequence of the periodic surface potential of the FeO/Pt(111) substrate. Generally, interface
charge doping of weakly physisorbed graphene is determined by the substrate work function54,55,
thus the periodic surface potential of the 2D-FeO layer will induce a periodic doping variation in
the graphene.
5.2.2. Brief description of 2D-FeO/Pt(111) system:
The 2D-FeO layer on Pt(111) has been studied extensively and thus many details of this
system are well-known7,49-53,56-59. The iron oxide monolayer structure on Pt(111) has been
identified as an FeO bilayer with iron in contact with Pt and O at the surface

56,60

. The interlayer

separation between Fe and O has been determined experimentally to be on average 0.68 Å, which
is ~50% less than the bulk Fe-O inter-plane distance60. The in-plane lattice constant is 3.1 Å, only
slightly larger than the corresponding bulk lattice constant of 3.0 Å. Similar to other 2D materials
with strong interplanar bonds, the lattice mismatch between the 2D-material and the metal (aPt111=
2.77 Å) results in a moiré superstructure. In the case of FeO on Pt(111) a moiré periodicity of ~
26 Å is measured49, 50-52,60. The moiré structure defines the coincidence lattice between the Pt(111)
surface and the FeO monolayer (see also Figure 5.5(a), below). Within the moiré unit cell the iron
atoms occupy various adsorption sites with respect to the Pt-atoms, including iron located at atop
sites, fcc-hollow sites, hcp-hollow sites and sites in between these high symmetry sites. Detailed
DFT simulations have suggested the following atomic-scale picture7. The weakest interaction
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between Fe and the Pt-substrate is calculated for iron adsorption on atop sites. At this site the FePt distance is the longest while the Fe-O distance is the shortest, close to that computed for a
hypothetical free-standing FeO layer. As a consequence of the different adsorption sites and bond
lengths between Fe-Pt and Fe-O, the electronic structure of the FeO monolayer is locally modified.
In particular the dipole-moment of the Fe-O bilayer varies strongly causing a surface potential
variation of 0.4-0.6 eV across the moiré-unit cell. This surface potential variation has been
observed experimentally by STM in field emission mode53 and verified by DFT simulations7. This
extraordinary large variation of the surface potential within a 26 Å large unit cell makes this Pt
supported 2D-FeO an exciting substrate for graphene. Here we demonstrate the synthesis of such
a complex 2D-material heterostructure. We show that the 2D-FeO layer can be grown in between
a CVD-grown graphene and the Pt(111) substrate by consecutive intercalation of iron and oxygen.
5.2.3. Experimental details and sample preparation
Graphene/FeO/Pt(111) interfaces were studied in two different UHV systems with base
pressures of 2 × 10− 10 Torr. The first UHV system was equipped with an Omicron VT-scanning
tunneling microscope (STM) operated at room temperature. The second system was a UHV
chamber for x-ray photoemission spectroscopy (XPS) and ultraviolet photoemission spectroscopy
(UPS). The detail description of the vacuum chambers are presented in section 3.3.2 of chapter 3.
A mini electron-beam evaporation source (tectra GmbH) for iron deposition. Graphene on Pt(111)
was synthesized by the approach as described in section 4.1.2 of chapter 4. Iron was evaporated
by electron-beam bombardment from a 4 mm-diameter iron rod inside a water-cooled copper
shroud. The iron was deposited with the graphene/Pt(111) sample at room temperature.
Subsequently, the Fe/graphene/Pt(111) sample was annealed in vacuum at 300 oC to intercalate
Fe. The inert nature of graphene enables us to transport the graphene covered surface through air.
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The graphene/Fe/Pt(111) sample was transferred to an UHV-XPS system equipped with an
attached high-pressure cell. The high-pressure cell was equipped with a sample holder fitted with
a ceramic button heater allowing the samples to heat in reactive gas environments. Static volumes
of O2 were introduced in the high-pressure cell to oxide Fe. The O2 pressure was monitored with
an Inficon capacitance gauge. The graphene/Fe/Pt(111) sample was at room temperature when
first exposed to O2 at 40 Torr pressure, ramped to 235 oC, and allowed to cool to below 50 °C in
the oxygen atmosphere. Compositional analysis of the sample prior and after high-pressure oxygen
treatment was performed with XPS without air exposure to ensure oxidation of the iron and
maintenance of the graphene C-1s peak intensity. Then the sample was transferred through air for
characterization by UHV-STM and detailed measurements by XPS/UPS. Prior to these
measurements, the sample was annealed in UHV at 500°C. Evaluation of the C-1s core level was
done by fitting it with a Doniach–Sunjic peak shape to accommodate for the typical asymmetric
line shape of sp2 carbon.
For comparison of the XPS/UPS spectra with a non-graphene covered surface, FeO films
were prepared in-situ following standard preparation conditions for FeO/Pt(111)52. Briefly, Fe was
deposition at room temperature on clean Pt(111) and subsequently oxidized for 2 min at 600 oC in
O2 atmosphere at 10-6 Torr pressure.
5.2.4. Results and Discussion
5.2.4.1. Preparation
Graphene grown on Pt(111) exhibits different orientational domains that give rise to
various moiré-unit cells as shown on Figure 5.4(a), the largest graphene moiré pattern on Pt(111)
has a periodicity of 22 Å48. Subsequent to the preparation of graphene, iron has been deposited on
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the graphene/Pt(111) and the sample has been annealed to 300 oC. As previously reported for other
graphene/metal systems this procedure results in an intercalation of Fe in between the graphene
and the metal substrate15. Figure 5.4(b) shows a large-scale STM characterization after
intercalation of close to one monolayer of iron. It is apparent that the iron grows in a layer fashion
on the Pt(111) surface indicating a large iron-Pt cohesive energy. The cohesive energy between Pt
and Fe is the driving force for the iron intercalation. After intercalation of iron underneath of
graphene the sample can be taken out of vacuum and exposed to ambient condition without
oxidation of the iron. This has been confirmed by XPS, which shows that the iron remains metallic
and negligible O-1s peak. Thus consistent with previous studies graphene on metals is a good
oxidation/corrosion protective coating61 and is consistent with the fact that graphene is
impermeable to gases. However, previous studies have shown that the intercalation of molecules
may proceed from edges or defects in the graphene35,62. Such a diffusion from edges requires
additional activation. Our studies for exposure of graphene/Fe/Pt(111) to low (vacuum compatible)
oxygen pressures of 10-6 Torr show that even at sample temperatures up to 250o C the iron may
not be oxidized. To achieve oxidation, the sample was transferred into a ‘high-pressure’ cell. In
the high pressure cell the sample could be exposed at a much higher oxygen chemical potential by
increasing the O2 pressure to 40 Torr and heat the sample to 235 oC. It is known that graphene
remains stable at these temperatures and oxygen partial pressure, e.g. annealing of transferred
graphene in air to 350 oC is frequently used for ‘burning-off’ PMMA-residue63. After this elevated
pressure and elevated temperature processing XPS shows oxidation of the iron, as evident from
the higher oxidation state of Fe (mostly 2+) (see supplement Fig. S1 in the appendix) and the
appearance of an O-1s state.
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Figure 5.4: STM images of Graphene/Pt(111) and graphene/Fe/Pt(111) samples. (a) STM image of graphene on
Pt(111) substrate. Graphene exhibits different orientional domains that give various moiré-unit cells. 3 moire domains
are visible in (a). The inset shows a high-resolution image showing both the graphene honeycomb structure as well as
the moiré superstructure. (b) STM image after intercalation of close to one monolayer of iron underneath graphene.
As is evident from the incomplete monolayer, iron grows in an atomic-height 2D layer on Pt. STM imaging conditions:
Vbias = 0.01 V, It = 1.0 nA (a); V bias = 0.3 V, It = 1.0 nA (b).

5.2.4.2. Scanning tunneling microscopy characterization
To confirm that the 2D-FeO, schematically shown in Figure 5.5(a), has formed at the
interface between graphene and Pt(111) we performed high resolution STM studies. In addition to
the graphene honeycomb structure a long range periodic surface modulation with a corrugation of
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about 0.2 Å can be seen in Figure 5.5(b) and (c). The unit cell of this hexagonal superstructure is
measured to 26 Å, which is larger than any reported graphene/Pt(111) moiré pattern48. The 26 Å,
however, coincide with the moiré-unit cell of 2D-FeO. Furthermore, the 26 Å periodicity is the
only superstructure observed on the surface, i.e. unlike the case of graphene on Pt(111) which
exhibits various orientation domains with various moiré superstructures. Thus the STM studies
demonstrate that the 2D-FeO moiré structure has formed underneath the graphene on the Pt(111)
surface. In addition to the perfect graphene-honeycomb we occasionally observe point defects in
the graphene lattice in STM images. Point-defects were present in the graphene/Pt(111) surface
prior to the FeO growth. On the Pt-surface the metal induced short-range moiré structure and
electronic as well as chemical coupling of defects with the metal substrate makes the identification
of the defect structure more challenging64. After FeO intercalation growth, the nanometer-range
electronic structure variation induced in the graphene by the point defect can be clearly observed
in STM, indicating the efficient decoupling of the graphene from the substrate. The electronic
structure variations around the defect imaged in STM are characteristic for specific point defects,
which have been observed previously on epitaxial graphene, graphite, or other weakly interacting
van-der Waals substrates. Also defect structures have been predicted theoretically by DFT and
simulated STM images65,66. In our studies we mostly identify two defect structures shown in Figure
5.5(d). One defect exhibits 3-fold symmetry (with two equivalent species rotated 60° present),
while the other structure appears two-fold symmetric. This symmetry should be reflected in the
structure of the point defect. The 3-fold symmetric structure has been previously identified as a
single carbon vacancy67,68, while the other defect may be a bi-vacancy69 or a Thrower-Stone-Wales
defect70.
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Figure 5.5: STM images of graphene/FeO/Pt(111) sample. (a) Top view of the previously determined FeO layer on
Pt(111) forming a moiré superstructure. The red-lines indicate the Pt(111) substrate. The iron-oxygen bilayer appears
hexagonal in the top view, however the iron and oxygen atoms are in different planes, with the iron closer to the Ptsubstrate. (b) STM image of graphene on a 2D-FeO layer. The graphene honeycomb structure is resolved, while the
superstructure (indicated by the unit unit cell) is due to the underlying 2D-FeO moiré-unit cell. (c) Cross-sectional
profile along a moiré structure. (d) STM image of point defects in the graphene lattice observed on graphene/FeO/Pt
sample. Two kinds of defects are observed: (i) defects with 3-fold symmetry (green circle) and defects exhibiting
apparent 2-fold symmetry (red circle). These defects are due to point defects in the graphene and their structure
indicates that the graphene is electronically well-decoupled from the substrate. STM imaging conditions: V bias = 1.0
V, It = 1.0 nA ((a) and (d)).

5.2.4.3. Photoemission characterization and evidence for 2D-FeO induced charge doping of
graphene
In addition to STM we conducted photoemission studies. XPS shows that the iron is in a
2+ charge state. Comparison of the Fe-2p spectra for a 2D-FeO/Pt(111) film with that of the
graphene covered surface are very similar, further supporting the formation of the 2D-FeO
monolayer structure underneath of graphene despite the different preparation conditions that need
to be employed to oxidize the iron underneath a graphene layer. A comparison of the Fe-2p spectra
is shown in Fig. S1 in the supporting information in the appendix.
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Figure 5.6: Interface band alignment measured by photoemission spectroscopy. Schematic showing electron transfer
for graphene brought into contact with a metal. Because of the low density of states at the Dirac point, this charge
transfer results in a Fermi-level shift away from the Dirac point. In a rigid band model this shift of the Fermi-level
also causes the work function and the C-1s core level (referenced to the Fermi-level) to shift by the same amount. This
is schematically shown in (b). (c) Experimental data for the secondary electron cut-off in UPS measurements that
enable determination of the sample work function for graphene/FeO/Pt(111), Pt(111), and FeO/Pt(111) samples. The
cut-off for FeO/Pt(111) and graphene/FeO/Pt(111) cannot be explained by a single sample work function, indicating
non-uniform surface potential for FeO/Pt(111) which leads to non-uniform charge transfer in graphene and thus
variation in its the work function as illustrated in (b). The work functions of graphene/FeO/Pt(111), Pt(111), and
FeO/Pt(111) samples are measured to be 4.64 - 4.85 eV, 5.4 eV and 5.69eV - 5.88 eV respectively. (d) XPS C-1s
core-level position for HOPG, graphene/Pt(111), and graphene/FeO/Pt(111) samples. The C-1s core-level positions
are measured to be 284.19 eV, 283.91 eV, and 283.80 eV for HOPG, graphene/Pt(111) and graphene/FeO/Pt(111)
samples respectively. The shift in the C-1s core level away from the value of HOPG indicates a p-type doping of
graphene as indicated in (b). For graphene on FeO/Pt(111) the peak is broadened compared to graphene/Pt. This may
indicate a variation of the charge doping. A deconvolution of the C-1s peak for graphene/FeO is shown in (e) with
two components with the same peak shape as for graphene/Pt and a peak separation deduced from the work function
variation of graphene/FeO shown in (c). The summary of the interface band alignment for graphene on FeO/Pt is
shown in (f). The dipole of the 2D-FeO layer causes an increase of the surface potential of Pt. Because of the variation
of FeO dipole this increase is non-uniform and we observe a variation of ~0.2 eV in this surface dipole layer. As a
consequence of this variation the charge doping of graphene also varies by ~0.2 eV. The interface dipole between
graphene and the substrate of ~ 1 eV (measured from the work function difference of the FeO/Pt substrate and the
graphene covered substrate) is a consequence of charge redistribution for supported graphene versus the freestanding
graphene. This is commonly called the push-back or cushion effect.

To learn more about the interface charge transfer doping of graphene supported on
FeO/Pt(111) we conducted work function measurements by evaluating the secondary electron-cut
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off in ultra violet photoemission spectroscopy (UPS) as well as detailed analysis of the C-1s peak
position. Interface charge doping of graphene as a consequence of work function difference
between graphene and the substrate are well documented and well understood especially for
metals54,71. As illustrated in Figure 5.6(a) electron transfer from the metal to graphene is required
to align the Fermi-level of graphene with that of the substrate. Because of the low density of states
at the Dirac point of graphene this charge transfer results in a measurable shift of the Fermi-level
away from the Dirac point. This shift has been, for example, measured directly in angle resolved
photoemission spectroscopy on several metals31,72. A rigid band model, i.e. a band model in which
the relative energy positions of the vacuum-level, the Dirac-point, and C-1s core levels are
unaffected by the Fermi-level position (charge doping of graphene) implies that a shift of the
Fermi-level gives rise to equivalent shifts of the C-1s binding energy (measured relative to the
Fermi-level) and the work function, which is by definition the energy difference between the
vacuum level and the Fermi-level. The shift of the C-1s peak position as a function of graphene
charge doping has been demonstrated before for graphene supported on different work function
metals71. The latter, i.e. the variation of the work function of graphene as a consequence of charge
doping is well-known and has been exploited in novel graphene field effect devices such as the
‘barristor’73 or graphene tunnel junctions transistors74. Figure 5.6(b) shows schematically the
simple dependence of the work function and C-1s binding energy on the Fermi-level position in
graphene, which in turn is controlled by interface charge transfer from the substrate (Figure 5.6(a)).
Consequently, a variation of the charge doping of graphene due to the surface potential variation
in the 2D-FeO/Pt(111) substrate should be expressed in the work function as well as in the C-1s
peak position of graphene. To investigate this we compared the C-1s core levels of graphene on
different samples, as well as the work function of these samples by evaluating their secondary
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electron cut-off in UPS measurements. Figure 5.6(c) shows the secondary electron cut-off
measured with UPS for Pt(111), FeO/Pt(111), and graphene/FeO/Pt(111). From these
measurements we extract a work function of ΦPt = 5.4 eV for Pt(111), slightly less than some
literature values75. For the FeO terminated Pt(111) surface the work function is increased to ΦFeO/Pt
= 5.69 -5.88 eV due to the surface dipole of the FeO-layer. Importantly, rather than one sharp cutoff two cut-off energies can be discerned indicating locally varying work function of the sample.
This is in agreement with the expectation that different regions within the 2D-FeO-moiré structure
exhibit different surface potentials. However, we only measure a difference of ~0.2 eV between
the two cut-offs, which is smaller than what has been calculated7 but may be a consequence of our
space averaging technique. Importantly, this split in the cut-off persists for the
graphene/FeO/Pt(111) sample. The work function of the graphene-terminated surface is slightly
larger than that of free standing graphene, which is commonly cited to be ~ 4.5 eV. For the two
cut-offs for the FeO-supported graphene we obtain values of Φgraphene/FeO/Pt = 4.85 eV and 4.64 eV.
According to the above arguments a variations in the charge doping should also cause a
variation in the C-1s core level. The C-1s peak position for HOPG, graphene on Pt(111), and
graphene/FeO/Pt(111) is shown in Figure 5.6(d). We use the C-1s peak for HOPG as a reference,
which we assume is close to the C-1s position of charge neutral graphene. For graphene/Pt(111)
micro-ARPES data have determined previously that graphene is p-doped with the Fermi-level ~
0.3 eV31 below the Dirac point as expected for a large work function metal like Pt. This p-doping
of graphene is confirmed by our C-1s XPS data that shows the peak shifted by ~ 0.28 eV to lower
binding energy compared to HOPG. After intercalation of 2D-FeO the C-1s peak broadens slightly
and this is consistent with the presence of non-uniformly doped graphene. From the above
extracted work function ‘splitting’ of ~0.2 eV we expect a similar splitting of the C-1s core level
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(see Figure 5.6(b)). A more accurate correlation based on published DFT simulations between the
Fermi-level shift and the work function of the substrate is shown in the supplemental Figure S2 in
the appendix. This analysis shows a Fermi-level shift of 0.12 eV for a substrate work function
difference of 0.2 eV. The broadened C-1s peak of graphene on FeO/Pt(111) can be well fitted with
two components separated by 0.12 eV as shown in Figure 5.6(e). In this fitting procedure the same
peak shape and full-width-half-maximum as measured for the graphene on Pt(111) has been used
for the two components. However, the small splitting of the C-1s peak into two (or several)
components is at the limit of the resolution of our XPS measurement and this makes a
determination of a reliable value for the variation of the charge doping in 2D-FeO supported
graphene impossible. Nevertheless, both the work function measurement and the XPS data (the
broadening of the C-1s peak) are consistent with a variation in the interface charge doping within
the moiré-structure of graphene. Our best estimates of the interface band alignments, based on our
measurements, are schematically summarized in Figure 5.6(f). In the diagram in Figure 5.6(f), the
~ 1eV dipole, which allows the alignment of the vacuum level of substrate and graphene, is due to
the so-called ‘push-back’ or ‘cushion’ effect and is a consequence of interface charge
redistribution. The measured value of ~ 1eV (from the secondary electron cut off work function
measurement) is in reasonable agreement with calculated values of ~0.9 eV54 for graphene/metal
interface (see Figure S2 in the appendix).

5.3. Conclusions
We investigate the intercalation of alloy forming metal such Sn in between graphene and
Ni(111). The advantage of intercalation of alloy forming metal is that graphene will be supported
on different metal or alloy substrate. The alloying of Sn-Ni forms surface ordered structure such
as Sn/Ni(111) (√3 × √3) R30o, which has lattice constant similar to that of Ni(111). Thus, the
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advantage of supporting graphene on Sn/Ni(111) (√3 × √3) R30o is that graphene maintains lattice
match with the substrate i.e. macroscopic single domain graphene can be achieved on ordered SnNi surface. Moreover, the strong interaction between graphene and Ni(111) substrate can be
decoupled by alloying Ni by Sn. The possibility of formation of ordered alloy underneath of
graphene allows to investigate graphene on variety of metal substrates other than pure metal. This
would be useful to tune the properties of graphene.
Moreover, our study demonstrates the direct growth of 2D FeO layer in between graphene
and Pt(111) substrate. The intercalation-growth of FeO underneath of graphene on metal support
is characterized by STM, XPS, and UPS. STM characterization of intercalated monolayer of Fe
on graphene/Pt(111) shows that the iron grows in a layer on the Pt(111) surface indicating a large
iron-Pt cohesive energy. The graphene/Fe/Pt(111) sample was oxidized in high pressure cell. STM
and XPS characterization show that the 2D-FeO moiré structure has formed underneath the
graphene on the Pt(111). High resolution STM imaging shows a long range periodic surface
modulation with a corrugation of about 0.2 Å in addition to graphene honeycomb structure. The
unit cell of this hexagonal superstructure measures 26 Å, which coincide with the moiré-unit cell
of 2D-FeO measured49, 50-52,60. For 2D-FeO layer on Pt(111), it has been reported that the dipolemoment of the of the FeO bilayer varies strongly causing a surface potential variation across the
moiré-unit cell. Consequently, we observe the variation on the charge doping of graphene due to
the surface potential variation in the 2D-FeO/Pt(111) substrate. UPS measurement shows two cutoffs for the FeO-supported graphene indicating two values of work function: 4.85 eV and 4.65 eV.
These values of the work functions of graphene are higher than the commonly cited work function
of graphene. XPS measurement shows the splitting of the C-1s core level into two components
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separated by 0.12 eV. The work function measurement and splitting of C-1s core level are
consistent with a variation in the interface charge doping within the moiré-structure of graphene.
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6. Summary and Outlook
6.1. Summary
Chapter 3 of this dissertation has focused on the studies of synthesis and characterization
of graphene on metal substrates. Particularly, we have studied graphene on Ni(111) substrates.
Ni(111) is a unique substrate to grow graphene because the good lattice match and strong
interaction between graphene and Ni(111) allows to synthesize single domain of graphene. Our
LEEM and AES study enabled the understanding of the different growth modes of graphene on
Ni(111). At graphene growth temperature at 500 oC, graphene growth competes with the formation
of surface Ni2C. At growth temperature above 500 oC and up to 650 oC, graphene grows by two
dimensional fashion. Above the 650 oC, graphene is not stable in the Ni substrate because carbon
starts to dissolve into the bulk of the substrate. The graphene growth stability temperature can be
increased by increasing the carbon concentration in the Ni substrate. However, the huge volume
of the Ni single crystal cannot be saturated under UHV growth condition. The carbon saturation
condition will be different in thin films of Ni because the small volume of the Ni films prevent the
diffusion of carbon deep into the bulk. In our study, we synthesize single crystalline Ni(111) films
about 300 nm thickness and study the graphene synthesis at different range of temperatures. Below
650 oC, graphene growth on Ni(111)-film is similar that on the bulk single crystal i.e. selfterminating monolayer graphene grows on Ni(111)-films below 650 oC. Above 650 oC, rotated
graphene domains relative to the Ni(111) substrate grows. A second layer of graphene grows
underneath those rotated graphene domains by carbon precipitation while cooling the sample. The
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second layer of graphene is in registry with the substrate that suppress the formation another layer
.i.e. the bilayer graphene growth on the Ni-film is self-terminating to two layer of graphene.
Although CVD of graphene on transition metal is a promising approach to grow large area
graphene, the interaction between graphene and the metal substrate modifies the intrinsic
properties of graphene and/or causes charge-transfer to graphene. In our study, we intercalated
weakly interacting metals such as Sn in between graphene and Ni(111) to modify the interaction
between graphene and Ni(111) substrate. Our study shows that Sn start to intercalate at temperature
between 350 oC and 450 oC and forms ordered Sn/Ni(111) (√3 × √3) R30o alloy above 450 oC.
Thus intercalation of metals allows to support graphene on different metal substrate other than
Ni(111) growth substrate. The AES measurement shows that the CKVV peak shape of graphene
supported on Sn-Ni is different as compared that on Ni(111). The C KVV peak shape of graphene
supported on Sn-Ni alloy is similar to that of the graphene supported on weakly interacting metal
like Pt indicating graphene-Ni interaction is actually modified. More importantly, many
applications of graphene requires graphene to be supported on insulting substrate. We demonstrate
the transfer-less synthesis of graphene on insulating substrate. In this dissertation, we study
intercalation of periodically modulated 2D-FeO between graphene and Pt(111). Splitting of the C1s core level of graphene supported on FeO reveals that the variation of surface potential of FeO
is transferred to the graphene, which is further supported by the observation of two values of work
function of graphene supported on FeO.
In chapter 3 we demonstrate the transfer of graphene to W(110). The direct growth of
graphene on tungsten is not possible because thermodynamically tungsten favors the formation of
carbide at high temperature. As an alternative approach, we transferred CVD grown graphene on
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copper foil to sulfur-protected W(110) by wet transfer method. Our study shows that the sulfur
protection of tungsten is essential before transferring graphene on it to prevent the oxidation of
tungsten while transferring graphene and formation of carbide at high temperature while cleaning
graphene/sulfur/W(110) interface in UHV.
Graphene related device structures require graphene to be interfaced with high-κ dielectric
materials. However, all the high-κ dielectric materials does not form contiguous films on graphene
due to the insert nature of graphene. Our study demonstrate the good wetting behavior of yttria on
graphene. The monolayer of yttria deposition on graphene supported on Pt(111) reveals that the
yttria films film is uniform, pinhole-free and conformal. XPS measurements did not show the
formation of any carbide phase or carbon-oxygen bond indicating graphene remains intact after
the deposition of yttria on graphene. The study of the deposition of thick yttria on graphene
supported on Ni(111) shows that the yttria film is pinhole-free and crystalline. We also study the
utility of yttria as seed layer to deposit another most commonly used high-κ dielectric material
alumina. The alumina film on graphene with yttria as seed layer is uniform, pinhole-free and
conformal.
It is very important to understand the charge doping of graphene when graphene is
interfaced with dissimilar materials. In chapter 4 we investigate the charge doping of graphene in
metal/graphene/dielectric sandwich structure. The critical component to determine the charge
doping of graphene is the Fermi-level shift of graphene when graphene is interface with other
materials. We demonstrate that one can use the shift in C-1s core-level to measure the Fermi-level
shift or charge doping of graphene. Our study shows that the charge doping of graphene changes
as a function of the difference between the work function of the metal substrate and deposited
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dielectric material on top of graphene indicating the charge doping of graphene induced by metal
contacts can be modified by dielectric material.

6.2. Outlook
In this dissertation, our research has focused on mainly three areas: (i) synthesis and
characterization of graphene on metal, (ii) synthesis and characterization on graphene
heterostructures, and (iii) decoupling of graphene from metal substrate by intercalating metal or
metal-oxides. These areas of study offer many possibilities for future research.
In our study, we demonstrate high quality dielectric/graphene/Ni(111) heterostructure. The
successful synthesis of high quality heterostructure may enable fabrication of devices like
magneto-tunneling devices. Theoretically, it has been shown that graphene can be used as spin
filter1-3 enhancing the tunnel magneto resistance. Also, the potential advantage of using graphene
in between the ferromagnet and dielectric in magneto-tunneling devices is to prevent the oxidation
of ferromagnet improving the interface chemistry. Recently, working spin valve has been
demonstrated4 on heterostructure similar to those we synthesized in this study. The advantage of
our heterostructure is that we can grow extended single crystalline Ni films and we can grow high
quality single crystalline yttria films instead of amorphous dielectric films. For graphene to act as
a spin filter, graphene should align with the substrate1,2. We can get this arrangement by growing
graphene on Ni(111) films in UHV at low temperature. On the other hand, high quality single
crystalline yttria film may have advantages over the amorphous dielectric film for tunnel barrier.
In a broader view of decoupling of graphene from metal substrate by intercalating metaloxide study, we demonstrate the potential of interface engineering of graphene by direct growth
processes without any mechanical graphene transfer. A similar 2D FeO oxide layer to that
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observed on Pt(111) has also been grown on other late transition metals, namely Ru(0001)5 and
Pd(111)6. Especially Ru(0001) is an exciting substrate since single domain graphene is readily
grown on Ru(0001) and thus successful intercalation of a 2D-FeO layer would ensure well defined
orientation alignment between graphene and the 2D-FeO. Large area single crystal graphene
aligned with a 2D-FeO layer is important because it would enable the use of space averaging
techniques like angle resolved photoemission spectroscopy to characterize the graphene band
structure and thus directly probe the influence of the support induced periodic potential on the
electronic structure of graphene. The growth of 2D oxides by intercalation may not be limited to
FeO. A large number of 2D-oxide monolayers on late transition metal substrates have been
explored over the last decade7-17. These are the same transition metal substrates that support CVD
growth of graphene18 and thus may allow combining oxide monolayers with graphene. Here we
have shown that these oxide monolayers can be grown underneath of graphene under the right
conditions. At least in the case of 2D-FeO the main change that needs to be implemented to allow
the oxidation of intercalated metals beneath graphene is a higher oxygen pressure than is
commonly used for fabrication of monolayer oxides in UHV. This observation paves the way of
merging the graphene research with that of 2D oxide monolayers which could benefit both research
fields. On the one hand, as we have demonstrated here, the graphene-properties may be tuned by
the oxide monolayers. On the other hand the protective coating-properties of graphene will enable
to bring the oxide monolayers out of UHV and thus make them amendable for applications and/or
characterization with non-UHV methods.
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Appendix A: Graphene-nickel interfaces: a review
The citation of the first author peer reviewed journal article by the author of this dissertation
is presented followed by the preprint of the article, with permission from Royal Society of
Chemistry. This article is related to the work presented in chapter 3 of this dissertation.
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Appendix C: Supporting Information
Intercalation of FeO between graphene and Pt(111)

Figure S1: Comparison of Fe-2p XPS intensity for iron as deposited on Pt(111) (metallic iron),
after oxidation and formation of a 2D-FeO layer on Pt(111) (FeO/Pt(111)), and for a 2D-FeO film
formed underneath of graphene (Gr/FeO/Pt(111)). The Fe-2p show a very similar peak shape after
oxidation, with and without graphene, indicating that in both cases the same 2D-FeO film has
formed. The XPS data also in agreement with previously reported data for the 2D-FeO film, see
e.g. ref.52 in chapter 5.
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Figure S2: Relationship between work function difference between graphene and a metal support
WM-WG and the Fermi-level shift in graphene due to charge transfer. This relationship has the
analytical for and was derived by Giovannetti et al. by DFT simulations ref.54 in chapter 5. Note
that charge neutral graphene is not obtained if graphene and the metal have the same work function
(WM-WG= 0 eV) but if the metal has ~ 0.9 eV larger work function than charge neutral graphene.
This behavior is due the formation of an interface dipole due to the ‘push-back’ effect of the
graphene frontier orbitals if adsorbed on a metal. This interface dipole can be described as an
effective work function of the substrate that is ~0.9 eV (according to these calculations or ~ 1 eV
according to our measurements) lower than the work function of the free surface. We also indicate
the expected Fermi-level shift for graphene supported on the 2D-FeO/Pt(111) surface with varying
surface potential. For the measured work function variation of ~0.2 eV a shift in the Fermi-level
of 0.12 eV is anticipated. This value is used in the manuscript for the separation of the two
components of the C-1s peak.
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